Localization of [alpha]-actinin and tropomyosin in muscle and nonmuscle systems by Schollmeyer, Judith Vance
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1976
Localization of [alpha]-actinin and tropomyosin in
muscle and nonmuscle systems
Judith Vance Schollmeyer
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Biology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Schollmeyer, Judith Vance, "Localization of [alpha]-actinin and tropomyosin in muscle and nonmuscle systems " (1976). Retrospective
Theses and Dissertations. 5703.
https://lib.dr.iastate.edu/rtd/5703
INFORMATION TO USERS 
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 
1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 
2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
rinht in eniiRî «ecTionç with a smail overlap, if necessary, sectioning is 
continued again - beginning below the first row and continuing on until 
complete. 
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 
Xerox University iViicrofiims 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 
77-1478 
SCHOLLMEYER, Judith Vance, 1945-
LOCALIZATION OF d-ACTININ AND TROPOMYOSIN 
IN MUSCLE AiND NONMUSCLE SYSTEMS. 
lowa State University, Ph.D., 1976 
Biology 
Xerox University iviicrofilms, Ann Arbor, Michigan 48106 
@Copyright by 
JUDITH VANCE SCHOLLMEYER 
Localization of a-actinin and tropomyosin in muscle 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major; Molecular, Cellular, and Developmental Biology 
(Animal Science) 
and nonmuscle systems 
by 
Judith Vance Schollmeyer 
Approved : 
In Charge of Major Work 
For the Major Department 
For the Graduate College 
Iowa State University 
Ames, Iowa 
1976 
Copyright©Judith Vance Schollmeyer, 1976. All rights reserved. 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
LIST OF ABBREVIATIONS xii 
INTRODUCTION 1 
REVIEW OF LITERATURE 4 
General Review 4 
Z-Disk Ultrastructure 13 
Z-Disk Composition 36 
Cardiac Muscle 40 
Nemaline Myopathy 48 
Smooth Muscle 50 
The Fibroblast 54 
Other Nonmuscle Cells 56 
MATERIALS AND METHODS 63 
Biochemical Procedures 63 
Immunological Procedures 79 
Morphological Procedures 116 
RESULTS 131 
Localization of a-Actinin and Tropomyosin in Three Muscle 
Types 132 
Nemaline Myopathy Muscle 162 
Smooth Muscle 173 
Fibroblasts 192 
Brush Borders of Intestinal Epithelial Cells 209 
Acrosomal Process of Limulus Sperm 223 
Attempts to Determine the Molecular Architecture of the 
Z-Disk 237 
lii 
Page 
Studies on Nemaline Myopathy Muscle 266 
Studies on IZI Brushes 274 
DISCUSSION 293 
Distribution and Location of a^Actinin and Tropomyosin in 
Biological Movement Systems 293 
Molecular Anatomy of the a-Actinin/Actin Interaction and 
its Implications for Z-Disk and Dense Body Structure 304 
What Implications Do the Distribution ai>^ .ocation of 
a-Actinln and Tropomyosin Have for tb 7siological 
Functions of these Proteins? 315 
SUMMARY AND CONCLUSIONS 327 
LITERATURE CITED 335 
ACKNOWLEDGEMENTS 354 
iv 
LIST OF FIGURES 
Figure Page 
1. Diagrammatic representation of the Z-disk model proposed 
by Knappeis and Carlsen (1962) 16 
2. Two identical wire models showing structures of Z-disk 
model proposed by Kelly (1967) 20 
3. Diagrammatic representation of Rowe's (Rowe, 1973) 
looping filament model of Z-disk structure 23 
4. Schematic diagrams of cross sections of three different 
Z-disk models as summarized by Franzini-Armstrong (1973) 32 
5. Flow sheet showing preparation of purified myofibrils by 
using differential centrifugation 65 
6. Flow sheet showing preparation of IZI brushes from 
purified myofibrils and extraction of IZI brushes with 
1 M KCl and «2° 69 
7. Flow sheet showing preparation from chicken gizzard smooth 
muscle of contractile filaments swollen at low ionic 
strength and extraction of a-actinin from these swollen 
filaments 82 
8. Flow sheet showing preparation of a-actinin and tropomyo­
sin from low ionic strength extracts of swollen 
contractile filaments from chicken gizzard smooth muscle 85 
9. SDS-polyacrylamide gel electrophoresis of porcine cardiac, 
chicken gizzard, and porcine skeletal a-actinins, and of 
contaminating proteins removed from porcine skeletal 
a-actinin by preparative electrophoresis 90 
10. SDS-polyacrylamide gel electrophoresis of electrophoreti-
cally purified porcine cardiac, chicken gizzard, and 
porcine skeletal a-actinins 92 
11. SDS-polyacrylamide gel electrophoresis of electrophoreti-
cally purified porcine cardiac, chicken gizzard, and 
porcine skeletal tropomyosin 94 
12. SDS-polyacrylamide gel electrophoresis of contaminating 
proteins removed from porcine cardiac, chicken gizzard, 
and porcine skeletal tropomyosins by preparative poly-
acrylamide electrophoresis 96 
V 
Figure Page 
13. Elution profile of rabbit IgG from a 2.5 x 25 cm DEAE-
cellulose column 102 
14. Elution profile of papain-treated sheep anti-rabbit IgG 
from a 2.5 X 30 cm CM-cellulose column 104 
15. SDS-polyacrylamide geis of Fab fragments before and after 
conjugation with peroxidase and microperoxidase 107 
16. Elution profile of sheep IgG anti-rabbit IgG conjugated 
with peroxidase from a 1.6 x 90 cm Sephadex G-200 column 111 
17. Elution profile of sheep Fab anti-rabbit IgG conjugated 
with peroxidase from a 1.6 x 90 cm Sephadex G-200 column 113 
18. Elution profile of sheep Fab anti-rabbit IgG conjugated 
with microperoxidase from a 1.6 x 90 cm Sephadex G-lOO 
column 115 
19. Iinmunoelectrophoretic patterns of different antibody 
fractions 118 
20. Electron micrograph of glycerinated porcine psoas muscle 135 
21. Electron micrograph of glycerinated porcine papillary 
muscle 135 
22. Fluorescence and phase micrographs of porcine psoas 
myofibril after incubation with anti-a-actinin and FITC-
labaled sheep anti-rabbit IgG 138 
23. Fluorescence and phase micrographs of porcine psoas 
myofibril after incubation with anti-tropomyosin and 
FITC-labeled sheep anti-rabbit IgG 138 
24. Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-a-actinin and FITC-
labeled sheep anti-rabbit IgG 141 
25. Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-tropomyosin and 
FITC-labeled sheep anti-rabbit IgG 143 
26. Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-a-actinin and FITC-
labeled sheep anti-rabbit IgG 146 
vi 
Figure 
27. 
28.  
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
Page 
Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-tropomyosin and 
FITC-labeled sheep anti-rabbit IgG 146 
Electron micrographs of porcine psoas muscle showing 
location of anti-a-actinin and anti-tropomyosin binding 149 
Electron micrographs of porcine papillary muscle showing 
location of anti-a-actinin and anti-tropomyosln binding 151 
Electron micrographs showing binding of anti-a-actinin 
to an Intercalated disk in porcine papillary muscle 154 
Electron micrographs of semiadjacent sections of porcine 
papillary muscle that show binding of anti-a-actinin to 
two regions of the intercalated disk 157 
Electron micrographs of semiadjacent sections of porcine 
papillary muscle that show binding of anti-tropomyosln 
to different regions of the Intercalated disk 159 
SDS-polyacrylamide gel electrophoresis of myofibrils from 
porcine psoas and porcine papillary muscle 161 
Electron micrograph of glycerinated human nemaline myopathy 
muscle showing numerous rod bodies (KB) located near 
the nucleus where they are often seen in nemaline myopathy 
muscle 164 
Electron micrograph of glycerinated human nemaline 
myopathy muscle showing fusiform expansions of the Z-disk 
(F) characteristic of nemaline myopathy muscle 164 
Fluorescence and phase micrographs showing anti-a-actinln 
binding to human nemaline myopathy muscle 167 
Fluorescence and phase micrographs showing anti-tropomyosin 
binding to human nemaline myopathy muscle 169 
These electron micrographs of human nemaline myopathy 
muscle show localization of anti-a-actinin and tropomyosin 
binding 171 
Electron micrograph of a transverse section of a chicken 
gizzard smooth muscle cell 175 
Electron micrograph showing attachment plaques in a 
transverse section of a chicken gizzard smooth muscle cell 175 
age 
177 
181 
184 
187 
187 
187 
187 
187 
189 
194 
196 
198 
198 
201 
vil 
Electron micrograph showing interdigitating thick and 
thin filaments in chicken gizzard smooth muscle cell 
Electron micrographs of chicken gizzard smooth muscle 
showing the location of anti-a-actinin and anti-
tropomyosin binding 
Electron micrographs of semiadjacent sections of chicken 
gizzard smooth muscle showing binding of anti-a-actinin 
Electron micrographs of dense-body preparations made 
from chicken gizzard by KCl extraction 
Electron micrograph of a negatively stained dense-body 
preparation made from chicken gizzard by KCl extraction 
Electron micrograph of a negatively stained chicken gizzard 
dense-body preparation after 48-hr extraction with 2 mM 
Tris, 1 mM DTT, pH 7.6 
Electron micrograph of a negatively stained chicken gizzard 
dense-body preparation after 10 days extraction with 2 mM 
Tris, 1 mM DTT, pH 7.6 
Electron micrograph of positively stained residue 
remaining after 10 days extraction of chicken gizzard 
dense bodies with 2 mM Tris, 1 mM DTT, pH 7.6 
SDS-polyacrylamide gels of different fractions from chicken 
gizzard dense-body préparations before and after low ionic 
strength extraction 
Electron micrographs of chick embryo fibroblasts 
Electron micrographs of adjacent chick embryo fibroblasts 
Electron micrograph of chick embryo fibroblast showing 
bundles of 6-nm microfilaments (MF) embedded in densely 
staining amorphous material (arrows) 
Low magnification electron micrograph of a section cut 
tangential to the adhesive surface of a flat-embedded chick 
embryo fibroblast 
Fluorescence micrographs of glycerinated chick embryo 
fibroblast after incubation with anti-a-actinin 
viii 
Fi gure 
55. 
56. 
57. 
58. 
59. 
60.  
61. 
6 2 .  
63. 
64. 
65. 
6 6 .  
67. 
68. 
Page 
Fluorescence micrograph of glycerinar^^ chlcK. embryo 
fibroblast after incnh=>tiou with anti-tropomyosin foliotée 
by inr"^2llun with FITC-labeled sheep anti-rabbit IgG 201 
Electron micrographs showing anti-a-actinin binding to 
pseudopodia in glycerinated chick embryo fibroblasts 205 
Electron micrograph showing anti-a-actinin binding to 
filaments in glycerinated chick embryo fibroblasts 205 
SDS-polyacrylamide gel of glycerinated chick embryo 
fibroblasts 208 
Electron micrograph of the apical end of a porcine 
intestinal epithelial cell 21] 
Low magnification electron micrograph of porcine intestinal 
epithelial cells showing different junctional complexes 
between adjacent, cells 211 
Electron micrograph of a brush border isolated from an 
intestinal epithelial cell 214 
Fluorescence and phase micrographs of relaxed brush border 
preparation after incubation with anti-a-actinin 216 
Fluorescence and phase micrographs of contracted brush 
border preparation after incubation with anti-a-actinin 216 
Electron micrographs showing anti-a-actinin binding to 
isolated brush borders 216 
Electron micrograph of two adjacent porcine intestinal 
epithelial cells showing different types of junctional 
complexes between these cells 219 
Electron micrographs showing anti-a-actinin binding to 
junctional complexes between intestinal epithelial cells 219 
SBS-poTyacryl amide gels of Po-30 crude ci-actinin fractions 
prepared from chicken gizzard, chicken intestinal brush 
border preparations, and glycerinated chick embryo fibro­
blasts 222 
Immunodiffusion of Pq-SO crude a-actinin fractions prepared 
from chicken gizzard, chicken intestinal brush border prepara­
tions, and glycerinated chick embryo fibroblasts and of puri­
fied chicken gizzard a-actinin versus anti-chicken gizzard 
a-actinin 225 
231 
233 
236 
242 
242 
242 
242 
245 
247 
250 
252 
256 
259 
ix 
Electron micrograph of a longitudinal section through an 
acrosomal process of Limulus sperm isolated after a false 
discharge reaction 
Phase micrograph of an acrosomal process from Limulus 
sperm isolated after a false discharge reaction 
Fluorescence and phase micrographs showing binding of 
anti-a-actinin to an acrosomal process isolated from 
Limulus sperm after a false discharge 
Electron micrographs showing anti-a-actinin binding to 
an acrosomal process isolated from Limulus sperm after a 
false discharge 
Fluorescence and phase micrographs showing anti-a-
actinin binding to Limulus skeletal muscle myofibrils 
Transverse section through an adult Rana pipiens 
sartorius Z-disk 
Transverse section through a 7-day Rana pipiens 
tadpole Z-disk 
Longitudinal section through an adult Rana pipiens 
sartorius Z-disk 
Longitudinal section through a 7-day Rana pipiens 
tadpole Z-disk 
Fluorescence micrographs showing anti-a-actinin and anti-
tropomyosin binding to adult Rana pipiens myofibrils 
Fluorescence micrograph showing anti-a-actinin and anti-
tropomyosin binding to 7-day Rana pipiens tadpole myofibrils 
Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to adult Rana pipiens sartorius 
Electron micrographs, comparing anti-tropomyosin binding 
to porcine papillary and to adult Rana pipiens myofibrils 
Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to 7-day Rana pipiens tadpole myofibrils 
Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to adult Rana pipiens myofibrils after 
extraction for 2 days with 2 mM Tris«HCl, 1 mM DTT, pH 7.6 
X 
Figure Page 
84. SDS-polyacrylamide gels of skeletal muscle myofibrils from 
adult Rana piplens and from 7-day Rana pipiens tadpoles 262 
85. Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to glycerinated human nemaline 
myopathy rod bodies after 40 days of low ionic strength 
extraction 269 
86. SDS-polyacrylamide gels of nemaline myopathy myofibrils 
before and after 40 days of extraction with 2 mM TriS'HCl, 
1 iriM DTT, pH 7.6 and of the extract solubilized by the 
2 mM Tris'HCl, 1 mM DTT, pH 7.6 extraction 273 
87. Electron micrograph of porcine skeletal IZI brushes 277 
88. Electron micrograph of porcine skeletal IZI brushes after 
three extractions with 1 M KCl 277 
89. Electron micrograph of porcine skeletal IZI brushes after 
three extractions with distilled H2O 280 
90. Electron micrograph of porcine skeletal IZI brushes after 
60 min of treatment with CAF 280 
91. Electron micrographs showing anti-a-actinin binding to IZI 
brushes that have been extracted three times with 1 M KCl 283 
92. Electron micrographs showing anti-a-actinin binding co IZI 
brushes that have been extracted three times with distilled 
H2O 285 
93. SDS-polyacrylamide gels of H^O-washed, 1 M KCl-washed, 
and unextracted porcine skeletal IZI brushes 288 
94. Polyacrylamide gel electrophoresis of Hg^O-washed, 1 M 
KCl-washed, and unextracted porcine skeletal IZI brushes 
run in 8 M urea 290 
xi 
LIST OF TABLES 
Table Page 
1. Quantitative precipitin analysis 98 
2. Summary of different experimental protocols used in 
immunocytochemical localization experiments 122 
3. Summary of the experimental protocols used in 
immunochemical localization at the light microscope 
level 128 
4. Effect of KCl concentration on ATPase activity of 
skeletal muscle myofibrils isolated from adult and 
7-day tadpoles of Rana pipiens 264 
5. Comparison of ATPase activities of skeletal muscle 
myofibrils isolated from adult and 7-day tadpoles of 
Rana pipiens 265 
xil 
LIST OF ABBREVIATIONS 
0 
A = angstrom - 10"^ centimeters 
ADP = adenosine 5'-diphosphate 
ATP = adenosine 5'-triphosphate 
ATPase = adenosine triphosphatase 
C° = degree centigrade 
CAP calcium-activated proteolytic factor 
CM-cellulose carboxymethyl cellulose 
cm = centimeter 
DAB = diaminobenzidine 
DEAE-cellulose = diethylaminoethyl cellulose 
DTT dithiothreitol 
EDTA = ethylenediaminetetraacetic acid 
EGTA 1,2-b is-(2-d1carb oxjnnethylamino e thoxy)-e thane 
Fab = proteolytic fragment of immunoglobulin G produced by 
papain digestion. Contains antigen binding site. 
Fixe = fluorescein isochiocyanate 
g = acceleration due to gravity = 980 cm/sec 
r / 2  = an ionic strength calculated on a molarity basis 
gm = gram 
hr = hours 
IgG = immunoglobulin G 
M  = molar 
ma = miillamperes 
MCE = 2-mercaptoethanol 
min = minutes 
xiii 
mosmols = milliosmolar 
mM = millimolar 
mm = millimeter 
= microgram 
^m = micrometer 
= microliter 
N = normality 
nm = nanometer 
nsp = specific viscosity 
NTPase = nucleoside triphosphatase 
S20>w = sedimentation coefficient 
SDS = sodium dodecyl sulfate 
sec = seconds 
TBS = Tris-buffered saline 
Tris = tris-(hydroxymethyl)-aminomethane 
1 
INTRODUCTION 
Although Z-disk ultrastructure has been studied extensively, very 
little is known about the chemical composition and molecular arrange­
ment of the substances that constitute Z-disks. Study of the molecular 
architecture and composition of skeletal muscle Z-disks is of considerable 
interest because Z-disks have several very important roles in skeletal 
muscle contraction. In mature muscle, Z-disks form connections between 
adjacent sarcomeres that enable tension development or shortening of . 
individual sarcomeres to be transmitted to the end of the muscle fiber 
and result in shortening of the entire cell. In addition, ultrastructural 
studies have shown that during contraction, Z-disks expand perpendicular 
to the long axis of the muscle cell, and that this expansion occurs with 
no interruption of the connection between adjacent sarcomeres. Indeed, 
one theory of muscle contraction has pronnsed that expansion of Z-disks 
exerts a force perpendicular to the sarcolemma and is the primary tension-
generating event in muscle shortening. Regardless uf Lue veracity of this 
theory, it seems clear that Z-disks undergo rather sizable structural al­
terations during muscle contraction, and the origin of the force for these 
movements and the mechanism by which these changes are accomplished without 
breaking or weakening the Z-disks between adjacent sarcomeres remain com­
pletely unknown. 
A third proposed function of the Z-disk in skeletal muscle is to 
serve as the major structural matrix holding I-filaments in proper juxta­
position. Indeed, Z-disks may be the locus of early myofibril organization 
2 
because ultrastructural studies show that, in developing muscle, thin 
filament bundles insert into dense "Z-bodies" that lie immediately sub­
jacent to the sarcolemma. The exact relationship of these "Z-bodies" 
to Z-disks of mature skeletal muscle is still unclear, but it seems 
logical to suggest that, after formation of Z-body - thin filament com­
plexes, individual thick filaments insert into these complexes to form 
complete sarcomeres parallel to and directly beneath the sarcolemma. 
In addition to these important physiological functions of the 2^ 
disk, structural abnormalities of the Z-disk have been noted in some 22 
unrelated diseases. These abnormalities vary in appearance from grossly 
hypertrophied Z-disks in some diseases to the complete absence of Z-
disks in others. 
These pathological alterations in Z-disks must be attributed either 
to unchecked synthesis, or alternatively, to faulty degradation and turn­
over of some or all of the Z-disk constituents. Although it is not clear 
whether these pathological changes in Z-disk structure are primary or 
secondary effects, it is evident tliat the Z-disk is one of Lue TIlsL parts 
of the myofibril to succumb to a pathological condition, and that Z-disk 
alterations may therefore be critically involved in ultimate failure of 
the muscle. Because of these indications of a vital role for Z-disks, 
both in normal and diseased muscle, it is important that the protein com­
ponents of Z-disks be identified and their molecular architecture deter­
mined so that the function(s) of each of these proteins, independently 
and collectively, be understood in the normal state. Information obtained 
from the study of normal muscle can then be extrapolated to pathological 
3 
anomalies. 
The primary purpose of this study was to determine the protein com­
position and precise arrangement of these proteins in skeletal muscle Z-
disks. A logical outgrowth from this primary purpose has been the examin­
ation of several Z-disk "analogues" in other muscle systems. The Z-disk 
analogues whose structure is described in this thesis include the inter­
calated disk of cardiac muscle, the dense body of smooth muscle, and the 
rods of human ncmaline myopathy muscle. The finding that these Z-disk 
analogues possess several features in common with skeletal muscle Z-disks 
led to investigation of the possible presence of Z-disk proteins in several 
uonrauscle cells such as fibroblasts, epithelial cells, and epidermal cells; 
all of which have been reported to contain actin filaments. The results 
of these studies suggest that skeletal muscle Z-disk proteins exist in 
all motile systems and that Z-disk proteins may have a more fundamental 
role in movement than has heretofore been supposed. 
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REVIEW OF LITERATURE 
This review of literature will be divided into eight sections. In 
order of their appearance, these sections are: 1) a general review of 
the contractile apparatus of mammalian skeletal muscle; 2) Z-disk ultra-
structure; 3) Z-disk composition; 4) structure of cardiac muscle with 
emphasis on the intercalated disk; 5) properties of human nemaline myo­
pathy muscle; 6) structure of smooth muscle with emphasis on the dense 
body; 7) muscle proteins in fibroblasts; and 8) muscle proteins in some 
selected nonmuscJe motile systems. In this review and throughout this 
tiiesis, the term, actomyosin, will be used only to refer to reconstituted 
or synthetic actomyosin produced by mixing purified actin and purified 
myosin. 
General Review 
The contractile apparatus in striated muscle has been shown by 
Huxley (1953, 1957, 1963) to consist of a double array of interdigitating 
thick and thin filaments. The thin filaments are attached to one end uf 
the Z-disk and extend between the thick filaments at the other end. The 
thick filaments are composed almost entirely of the protein, myosin, 
whereas the thin filaments contain the other major myofibrillar protein, 
actin, In addition to tr< .myosin and troponin. Interaction between actin 
in the tiiin filaments and myosin in the thick filaments seems to be the 
primary event leading to muscle contraction (Szent-Gyorgyi, 1951). The 
exact nature of the interactions causing contraction and relaxation are 
only partly understood and substantial efforts are being made in this area. 
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One interesting feature of the actin-myosin interaction is the 
change in ATPase activity that accompanies this interaction. Myosin 
2+ 
is an ATPase (Engelhardt and Ljubimova, 1939) which is Ca -activated 
2+ but Mg -inhibited. Interaction with actin, however, transforms the 
Mg^^-inhibited enzyme into a Mg^^-activated enzyme (Banga and Szent-
2+ 
Gyorgyi, 1943). This Mg -activation is observed with actomyosin at 
low ionic strengths, but at ionic strengths of 0.2 or above, addition 
of ATP leads to dissociation of the actin-myosin complex, and the enzy­
matic characteristics of myosin ATPase reappear (Hasselbach, 1956; 
Tonomura and Yoshimura, 1960; Leadbeater and Perry, 1963). In addition 
2+ 
to being activated by Hg , ATPase activity of the actin-myosin complex 
2+ 
is also activated by Ca alone, but as far as is presently known, the 
2+ 
actomyosin ATPase activity stimulated by Ca alone in the absence of 
2+ 
Mg has no physiological importance. 
2+ 
During studies designed to clarify the role of Ca in regulating 
the interaction of actin and myosin, two new myofibrillar proteins were 
(ïlsrovered (Ebashi. 1963; EbaHui ^  . 1964). The existence of the 
first of these two new proteins was revealed when Ebashi (1963) found that 
addition of a protein complex, which he called "native tropomyosin," to 
2+ 
purified actomyosin suspensions made the Mg -modified ATPase activity and 
in vitro contractile properties of these suspensions sensitive to very low 
levels of Ca^^, Thus, in the absence of "native tropomyosin," the Mg^^-
modified ATPase activity of purified actomyosin suspension was high, and 
these suspensions would superprecipitate (an iji vitro measure of contraction) 
in the presence of 1 to 5 mM Mg^^ but in absence (less than 10 ^M) of Ca^^. 
6 
2+ 
In the presence of native tropomyosin, however, the Mg -modified ATPase 
activity of purified actomyosin suspension was low, and these suspensions 
2+ 
would not superprecipitate in the presence of 1 to 5 mM Mg unless trace 
amounts (10 ^  to 10 ^M) of Ca^^ were present. Consequently, the presence 
of "native tropomyosin" sensitized the actin-myosin complex to trace 
2+ 
amounts of Ca [neither muscle contraction nor actomyosin superprecipita-
tion will occur in the absence (<10 ^ M) of Mg^^, regardless of the presence 
2+ 
or absence of Ca ]. Ebashi and Kodama (l965) subsequently found that 
"native tropomyosin" actually consisted of two proteins. One of these two 
proteins was tropomyosin, which had been known to be a component of the 
myofibril since 1948 when it was discovered by Bailey (Bailey, 1948). The 
physiological function of tropomyosin, however, had remained unclear ever 
since its discovery. The second component of the "native tropomyosin" com­
plex was a globular protein that caused pronounced aggregation of purified 
tropomyosin. Ebashi and Kodama (1965) named this new protein, troponin. 
The discovery of troponin initiated intensive activity in many labora-
u V/ i. jkVi^o J.1I cxKL auucwyv uw L&c; uszLi. uiiw ui WHO 1. cu jr u i. 
2+ 
actomyosin to Ca . Hartshorne and Mueller (1968) found that troponin 
could be separated into two distinct subunit proteins having different 
amino acid compositions, different solubilities, and different effects 
upon purified actomyosin suspensions. One of the subunit fractions, termed 
troponin B, was insoluble at low ionic strength and caused a calcium-
2+ 
insensitive inhibition of the Mg -modified ATPase activity of purified 
actomyosin; this inhibition was enhanced by addition of tropomyosin. The 
other fraction, troponin A, was soluble at low ionic strengths and conferred 
7 
calcium sensitivity to the troponin B-tropomyosin system. Hartshorne 
and Mueller's initial finding (Hartshorne and Mueller, 1968) that troponin 
could be separated into subunits led to additional studies on the subunit 
nature of troponin (Schaub and Perry, 1969, 1971; Hartshorne and Pyun, 
1971; Ebashi e^ , 1971; Greaser and Gergely, 1971; Drabikowski et al., 
1971; Staprans £t , 1972; Ebashi et , 1972), and it is now clear 
2+ 
that troponin actually consists of three subunits: 1) a Ca -binding 
component having a molecular weight of approximately 18,000 and designated 
TN-C; 2) an inhibitory component having a molecular weight of approximately 
23,000 and called TN-I; and 3) a tropomyosin-binding component having a 
molecular weight of approximately 37.000 and termed TN-T. TN-C is identical 
to the troponin A isolated by Hartshorne and Mueller (1968), and Hartshorne 
and Mueller's troponin B is a complex of TN-I and TN-T. Only TN-C binds 
2+ 
significant amounts of calcium over the range of Ca concentrations in 
which troponin sensitizes actomyosin to the presence of Ca^^ (10 ^ - 10 ^M). 
One molecule (molecular weight of approximately 18,000)of TN-C binds four 
2+ 2+ 
molecules of Ca in this range of Ca concentration (Bremel and Weber. 
2+ 
1972). Troponin-C by itself, however, has no effect on the Mg -modified 
ATPase activity of the actin-myosin complex plus tropomyosin (Greaser and 
Gergely, 1970; Greaser and Gergely, 1971) because TN-C requires TN-T to 
bind it to the actin-tropomyosin complex (Hitchcock e^ al^., 1973; Margossium 
and Cohen, 1973). Greaser and Gergely (1971) and Wilkinson e^ (1972) 
2+ 
have found that TN-I, however, inhibits the Mg -modified ATPase activity 
of actomyosin whether calcium is present or not, and TN-T is not necessary 
for this inhibition. 
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Schaub, Hartshorne, and Perry (Schaub et al., 1967a) and Hartshorne 
and Mueller (1967) earlier described the isolation of an "inhibitory 
24-
factor" from muscle. This "inhibitory factor" depressed Mg -modified 
ATPase activity of purified actomyosin in the absence of tropomyosin and 
in either the absence or presence of Ca^"^. Discovery of TN-I as one of 
2+ 
the subunits of troponin plus finding TN-I causes a Ca -independent inhi-
24-bition of the Mg -modified ATPase activity of actomyosin suspensions 
made it evident that the "inhibitory factor" of Schaub, Hartshorne and 
Perry was identical to TN-I. Schaub ^  (1967b) also reported that 
purified tropomyosin alone inhibits the ATPase activit" ""f purified acto­
myosin. Tropomyosin inhibition of actomyosin ATPasf ty, however, 
24-
occurs only under a very restricted set of conditi ^ as in which Ca is 
24- + 
the only modifier present and no Mg or K is present. Consequently, 
tropomyosin inhibition of actomyosin ATPase occurs only under non-
physiological conditions, and is not related to the TN-I inhibition of 
the Mg^"^-modified ATPase of actomyosin (Greaser and Gergely, 1971). 
Interactions among the subunits of troponin, tropomyosin, and F--
actin have been clarified considerably by a series of recent studies 
(Hitchcock, 1973; Hitchcock ^  , 1973; Margossian and Cohen, 1973; 
van Eerd and Kawasaki, 1973). Results of these studies may be summarized 
as follows. Tropomyosin binds strongly to F-actin and TN-T binds strongly 
to tropomyosin. These two linkages are not affected by Ca . TN-C binds 
to both TN-I and TN-T; these two linkages are strong in the presence of 
10 ^ to 10"% Ca^^, but weak in the absence (10 ^ ) of Ca^"^. TN-I binds 
to both TN-C and actin; binding of TN-I to actin in strongest in the 
absence (10 %I) of Ca^"^, but is weak in the presence of 10"^ to 10"^M 
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2+ 2+ 
Ca . Consequently, in the absence of Ca , TN-I binds strongly to actin 
and weakly to TN-C. The presence of 10 ^  to 10 Ca^^ weakens the bind­
ing of TN-I to actin but strengthens the linkage of TN-I to TN-C and the 
linkage of TN-C to TN-T. ITicse increases in strength or extent of inter­
action cause the TN-I molecule to be displaced from its interaction with 
actin. X-ray diffraction experiments have shown that interaction of the 
TN-I molecule with actin in resting muscle evidently restricts the tropo­
myosin strand to a position that blocks the actin-myosin interaction. When 
2+ 
the TN-I - actin linkage is broken in the presence of Ca , however, the 
tropomyosin strand is free to move back into the groove of the F-actin 
helix and permits the actin-myosin interaction. Because the tropomyosin 
strand runs continuously along the entire length of the thin filament, this 
mechanism explains how troponin molecules located periodically with one 
molecule every 38.5 nm along the thin filament (Endo , 1966; Ohtsuki 
et al., 1967) can prevent the entire thin filament from interacting with 
myosin. The mechanism therefore suggests that tropomyosin acts not only as 
a "cemenc" co aLick Liopouiu molécules onto the actin filanient, but also 
as an "amplifier" whereby the signal generated by binding four molecules 
2+ 
of Ca to TN-C molecules located one every 38.5 nm along the thin fila­
ment can be amplified to "turn-off" the entire actin filament. The am­
plification provided by this mechanism also explains why approximately 
2+ 
seven times more TN-I is required to inhibit the Mg -modified ATPase 
activity of actomyosin in the absence of tropomyosin than is needed in the 
presence of tropomyosin. This detailed mechanism for control of skeletal 
muscle contraction by the troponin-tropomyosin complex is also consistent 
with earlier reports that this complex binds to actin but not to myosin 
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(Kominz and Maruyama, 1967), and that froponin binds to tropomyosin 
(Ebashi and Kodama, 1966) . 
The second of the two new myofibrillar proteins discovered during 
9+ 
studies on the role of Ca in controlling the actin-myosin interaction 
in skeletal muscle was detected almost one year after the discovery of 
"native tropomyosin." Analytical ultracentrifugation of the crude ex­
tracts used for preparation of "native tropomyosin" revealed the presence 
of a second, more rapidly sedimenting protein fraction (Ebashi et al., 
1964). lliis factor could be salted out at less than 40% ammonium sulfate 
saturation and when the crude factor obtained by such ammonium sulfate 
salting out was added to purified actomyosin suspensions, it accelerated 
the rate of superprecipitation as measured by rate of turbidity development 
in these suspensions (Ebashi et al., 1964). It was subsequently found 
(Maruyama, 1966) that this factor, which Ebashi and Ebashi (1965) named 
2+ 
a-actinin, would also increase the Mg -modified ATPase activity of acto­
myosin suspensions. Because all actin preparations made before the dis­
covery of u-acLiiiin weie cuiiLamLnafcen with n-actinin. Ebashi et al. (IQfia) 
suggested that a-actinin may be required for muscle contraction, and that 
the ability of earlier investigators to obtain in vitro contractile responses 
with supposedly pure actomyosin depended on contamination of these acto-
myosins with u-actinin. Studies done several years later, however, indicated 
that conditions could be found under which actomyosin that has no demonstrable 
a-actinin would give iji vitro contractile responses upon the addition of ATP 
2+ 
and Mg (Briskey e^ al., 1967b; Seraydarian £t al., 1967). Moreover, the 
early crude a-actinin preparations used by Briskey, Seraydarian and Mommaerts 
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(Briskey, 1967a, 1967b; Seraydarian <et , 1967) were unable to increase 
either the Mg^'^'-modified ATPase activity or the rate of turbidity develop­
ment of actomyosin suspensions at ionic strengths as high as those that 
exist in vivo. Consequently, the physiological role of a-actinin 
remained unclear after these early investigations. 
The preparation and some of the characteristics of a-actinin were 
described in two early papers by Ebashi and coworkers (Ebashi and Ebashi, 
1965; Ebashi and Kodama, 1965). Many of these findings were subsequently 
confirmed by Briskey, Seraydarian, and Mommaerts (Briskey et al., 1967a, 
1967b; Seraydarian et al., 1967, 1968) who used essentially the same 
procedure to prepare a-actinin as that described by Ebashi and coworkers. 
These early studies indicated that a-actinin bound strongly to actin but 
not to myosin, and that binding of a-actinin to actin caused cross-
linkage of F-actin filaments and resulted in gel formation in F-actin 
preparations. The ability of a-actinin to cross-link F-actin filaments 
led Briskey et (1967b) to suggest that a-actinin might be located in 
the Z-uisk of the skeletal muscle myofibril. 
It soon became evident that the early preparations of a-actinin were 
very heterogeneous, and contained only 5-20% of their protein as active, 
6S a-actinin species (Goll e^ al., 1969). Development of an entirely new 
method for extraction (Arakowa _et al., 1970) and purification (Robson _et 
al., 1970) of a-actinin was, therefore, instrumental in additional studies 
of the properties of a-actinin. This new method, which used DEAE-cellulose 
chromatography to purify a-actinin, produced an a-actinin preparation that 
contains 85-90% of its protein as the 6S a-actinin species. Availability 
of purified a-actinin made it possible to show conclusively that a-actinin 
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has an amino acid composition clearly different from the amino acid compo­
sition of any other myofibrillar protein and that a-actinin was therefore 
a new protein component of the myofibril. Most of the protein contaminat­
ing early a-actinin preparations was evidently denatured actin because 
early a-actinin preparation had an amino acid composition similar to that 
of actin. Consequently, before the purification of a-actinin, many inves­
tigators believed that a-actinin was simply an unusual form of denatured 
actin. Availability of purified a-actinin also made it possible to show 
that J at 0°C, F-actin would bind a-actinin quantitatively up to 0.41 parts 
of a-actinin to 1 part of G-actin by weight (Robson et al., 1970). This 
weight ratio corresponds to a molecular binding ratio of one a-actinin to 
10-11 G-actin monomers (Robson _al., 1970). At 0°C, a-actinin and tro­
pomyosin seem to compete for the same binding sites on F-actin because 
addition of a-actinin to F-actin preparations saturated with tropomyosin 
caused release of the bound tropomyosin and binding of the added a-actinin 
until 0.41 parts of a-actinin were bound to one part of F-actin by weight 
(Goll _et al.. 1972: Robson et a"t , . 1970) . At 37"C, however, much less 
a-actinin binds to F-actin and it is impossible to determine any clear 
stoichiometric binding ratio of a-actinin of F-actin (Goll ^  al., 1972). 
Quantitative binding studies (Goll _e^ al., 1972), viscosity studies (Holmes 
et al., 1971) and studies on binding of purified a-actinin to Z-disk-
extracted fibrils (Stromer and Goll, 1972) suggest that at 37°C binding of 
a-actinin to F-actin is limited to one end (the "Z-disk end") of the actin 
filament, with only weak binding occurring along the length of the actin 
strand. a-Actinin was unable to displace tropomyosin from F-actin fila­
ments at 37°C, and indeed, the presence of tropomyosin, which binds along 
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the length of the actin filament, seems to limit a-actinin binding at 
37°C strictly to one end of the F-actin strand (Goll e^ , 1972; Holmes 
et al., 1971). 
Investigation of the ability of purified a-actinin to increase the 
2+ 
Mg -modified ATPase activity and rate of turbidity development of acto-
myosin suspensions showed that as little as 0.02 to 0.05 parts of purified 
a-actinin to one part of actomyosin by weight would clearly increase both 
these measures of in vitro contraction. Moreover, in contrast to the 
earlier crude a-actinin preparations, purified a-actinin seemed most active 
in accelerating iji vitro measures of contractile activity in actomyosin 
suspensions at ionic strengths nearly equal to those that occur ^  vivo 
(Robson et al., 1970). Because it is known that purified actomyosin sus­
pensions to not produce vitro contractile responses at ionic strengths 
or ATP concentrations as high as those that exist jji vivo, and because 
purified a-actinin seems able to increase the ionic strength and ATP con­
centration at which it is possible to obtain vitro contractile responses 
from actomyosin suspensions (Dancker, 1971; Robson et a^., 1970), it has 
now been suggested that the physiological role of a-actinin is to strengthen 
the actin-myosin interaction and allow it to occur at the high ionic 
strengths and ATP concentrations that exist in vivo (Temple and Goll, 1970). 
Z-Disk Ultrastructure 
Tlie molecular architecture of Z disks in amphibian and mammalian 
skeletal muscle has attracted increasing interest during the past ten years. 
Most of this inquiry has involved Z disks of "fast" skeletal muscles (fast-
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twitch glycolytic fibers; Peter £t al., 1972), and a number of models 
have been proposed to explain Z-disk images obtained by high resolution 
electron microscopy techniques applied to vertebrate skeletal muscle 
(Knappeis and Carlsen, 1962; Huxley, 1963; Franzini-Armstrong and Porter, 
1964; Reedy, 1964; Kelly, 1967, 1969). It is important to note that al­
though creation of each of these Z-disk models was based on similar images 
of osmium-fixed material, it was necessary in every instance to incorporate 
individual assumptions that could not be confirmed with the available 
techniques. Consequently, it is not surprising that several widely dif­
ferent models of Z-disk ultrastructure have been proposed. 
One of the first ultrastructural descriptions of Z disks was given 
by Knappeis and Carlsen (1962), and this early description is still widely 
accepted as the best general model of Z-disk architecture. Knappeis and 
Carlsen (1962) observed that I-filaments in longitudinal sections terminate 
as rod-like projections on either side of the Z-disk with an I-filament on 
one side of the Z-disk lying between two I-filaments on the opposite side 
(see Figure 1). Thus, I-filaments are not continuous through the Z-disk. 
In cross-section, the Z-region, is a tetragon where I-filaments are situ­
ated in the corners of the squares, and the oblique Z-filaments form the 
sides of the squares. The tetragon formed by I-filaments on one side of 
the Z-disk is rotated 45 degrees with respect to the tetragons formed by 
Z-filaments in the center of the Z-disk. The structural arrangement sug­
gested, then, is that each I-filament on one side of the Z-disk faces the 
center of the square formed by four I-filaments on the opposite side of 
the Z-disk. 
The micrographs presented in the Knappeis and Carlsen paper suggest 
Figure 1. Diagrammatic representation of the Z-disk model proposed by 
Knappeis and Carlsen (1962) 
(A and C show two identical longitudinal sections through 
the Z-disk. I-filaments (all white or all black bars) on 
opposite sides of the Z-disk are displaced with respect to 
each other so that I-filaments on one side of the Z-disk 
lie between two I-filaments on the opposite side of the 
Z-disk. The shadowed base represent Z-filaments. B, pro­
jection of the square pattern formed by the cross-cut 
I-filaments on one side of the Z-disk (open circles)onto 
the square pattern formed by the I-filaments on the opposite 
side of Z (black circles). It is evident from this diagram 
that each I-filament on one side faces the center of a 
square formed by four I-filaments on the opposite side of the 
Z-disk. Addition of Z-filaments (right side of B) connecting 
I-filaments from opposite sides of the Z-disk to this cross-
sectional view shows how the lattice network commonly ob­
served in cross-sections through the Z disk is formed. 
Reproduced from Knappeis and Catlseu (1962) uy permission 
of the authors and the Rockefeller University Press.) 
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that each I-filament divides into four Z-filaments at the Z disk. As 
Franzini-Armstrong and Porter (1964) point out, the difficulty with this 
interpretation is that Z-filaments are approximately the same diameter 
as the I-filaments that they join. Franzini-Armstrong and Porter (1964) , 
therefore, suggested that Z-disk material behaves as though it were a 
membrane with I-filaments on opposite sides pulling in opposite directions 
and stretching the membrane to produce the Z-disk structure. Z-filaments, 
then, were proposed to be actually lines of condensation of this stretched, 
membrane-like material. By using high resolution microscopy and improved 
methods of fixation, Franzini-Armstrong (1973) has now found that in fish 
muscle, I-filament diameters immediately adjacent to the Z-disk are 108 ^  9 
A, whereas the ostensible diameter of the Z-filaments is 50 - 7 A. Con­
sequently, one of the principal criticisms of the Knappeis and Carlsen (1962) 
model has now been mitigated, and it seems quite likely that the thin fila­
ment may indeed split into two or perhaps more smaller filaments as it enters 
the Z-disk. 
Reedy (1964) described che scruccure in transverse sections of Z-disk 
from rat striated muscle as having a "basketweave" appearance. He accounted 
for this appearance by modifying the Knappeis and Carlsen model so that the 
"weave" was provided by tangential engagement of the Z-filaments with the 
tips of the I-filaments. The I-filaments themselves were four-stranded 
helices having the same handedness on the two sides of the Z-disk. It is 
now evident, however, tiiat in most fibers, osmium tetroxide fixation produces 
Z-dlsks having a "woven" appearance. 
In 1967, Kelly proposed still another model for Z-disk architecture. 
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Kelly's original model, which he called the looping actln strand model, 
proposes that although each I-filament appears grossly to give off four 
radiating strands at the I-Z boundary, only two of these strands are 
actually that filament's own unwinding actin strands. The other two 
strands are the approaching and departing legs of a looping actin strand 
from the opposite side (see Figure 2). Kelly (1967) is also able to 
construct a second model, the looping tropomyosin strand model, by in­
corporating the fact that tropomyosin is known to be part of the I-
filament (Pepe, 1966; Ebashi and Kodama, 1966) and that two strands of 
tropomyosin lie within the grooves of the right-handed actin double-
helical strand (Parry and Squire, 1973). The looping tropomyosin strand 
model assumes that actin filaments terminate at the I-Z boundary; this 
allows for an actin filament length of 1 ym as opposed to the 2 ym fila­
ment length required for the looping actin strand model and is therefore 
more consistent with the fact that actin filaments isolated by homogeniza-
tion of muscle fibers generally measure less than 1 ym in length (Allen and 
Tepe, 1565). A scccnd inipcrtant fact that must be -inrorporafced into any 
model of Z-disk structure is that native actin filaments, when combined 
with hea\'y meromyosln, display a characteristic polarized periodicity 
(Huxley, 1963), sometimes referred to as "arrowheads." The so-called 
arrowheads formed by binding of heavy meromyosin to actin filaments always 
point away from the Z-disk (Huxley, 1963). This structure indicates that 
the native actin filament possesses an intrinsic polarity that would have 
to be reversed if actin filaments looped through the Z-disk as proposed in 
the looping actln strand model. Tlie looping tropomyosin strand model 
Figure 2. Two identical wire models showing structures of Z-disk model 
proposed by Kelly (1967) 
(These wire models show the essential features of the looping 
filament model of Z-disk architecture. The black wires in­
dicate actin filaments in the I-filament and the light wires 
indicate tropomyosin filaments in the I-filament. Actin fila­
ments stop at the edge of the Z-disk but tropomyosin filaments 
form the Z-disk lattice by looping or wrapping around tropo­
myosin strands from I-filaments in the adjacent sarcomere. 
The looping tropomyosin strands then rejoin an I-filament in 
the same sarcomere from they originated to form an inter­
linking network at the Z-disk. Although shown only in two 
dimensions, this model can easily be enlarged to accommodate 
the three dimensional nature of the Z-disk.) 
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requires no polarity reversal of actin filaments. 
More recently, Rowe (1971) has proposed a looping filament model 
for Z-disk structure that differs in several rather important ways from 
Kelly's early proposal. First, although Kelly (1967) suggests that the 
looping filaments pass across the entire Z-disk and wrap around the thin 
filaments from the opposite sarcomere, Rowe (1971) proposes that the 
looping filaments traverse only a variable portion of the Z-disk and 
return to the same sarcomere, interlocking with but not directly con­
tacting the looping thin filaments from the opposite sarcomeres (see 
Figure 3). Rowe (1973) subsequently used his looping filament model to 
explain the difference in width and ultrastructure of Z-disks from white, 
intermediate, and red fibers of mammalian muscle. In Z-disks from white 
fibers (the thinnest Z-disk), Rowe (1973) proposes that all loops from 
one side of the Z-disk lie in the same cross-sectional plane. In inter­
mediate fibers, on the other hand, loops from both sides of the Z-disk 
lie in two planes, whereas in red fibers, three cross-sectional planes of 
loops exist for both sides of the Zdisk (Figure 3). 
Although the brief preceding review has discussed only four of the 
many models that have been suggested for the structure of Z-disks from 
vertebrate twitch fibers, careful examination of all these models shows 
that they fall into two general categories that are exemplified by the 
four examples just discussed. One category of models (Franzini-Armstrong 
and I'orter, 1964; Reedy, 1964; MacDonald and Engel, 1971) is based on the 
Knappeis and Carlsen (1962) idea that each thin (I) filament connects to 
four Z-filaments v/hen it reaches the Z-disk and that these thin filaments 
in turn link directly to the four nearest thin filaments in the opposite 
Figure 3. Diagrammatic representation of Rowe's (Rowe, 1973) looping 
filament model of Z-disk structure 
(A shows the structure of Z-disks in white noise fibers 
where Z-disks are narrow. All loops from one side of the 
Z-disk, i.e., in the same plane and are separated by a 
constant distance (X) from the loops contributed by the 
other side of the sarcomere. This structure produces a 
double row of chevrons. In the model for Z-disk structure 
in intermediate muscle fibers (B) where Z-disks have 
intermediate thickness, individual loops from one side of 
the Z-disk can exist in one or two planes. A constant 
distance (X) is maintained between loops of opposing 
sides. Superimposition of successive layers of loops 
results in a three chevron image. C shows the structure 
of Z-disks in red muscle fibers where Z-disks are widest. 
Three planes of loops extend from each side of the Z-
disk. A constant distance (X) is maintained between 
loops from opposite sides resulting in four rows of chevrons. 
Reproduced from Rowe (1973) by permission of the author 
and the Rockefeller University Press.) 
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sarcomere. A second category of Z-disk models (Kelly, 1967, 1969; Rowe, 
1971) is based on the assumption that filamentous loops (or hairpins) 
arise from each thin filament as it reaches the Z-disk, and that these 
filament loops join that filament to adjacent filaments from the same 
sarcomere= 
It now seems evident that difficulty in deducing the exact structure 
of Z-filaments, their mode of anchorage to the thin filaments, and their 
course within the Z-disk is due largely to the fact that shape and visibility 
of the Z-filaments differ in various fiber types, and that appearance of 
Z-filaments is very dependent on method of fixation used during prepara­
tion of the samples for electron microscope examination (Landon, 1970). 
Many of the models proposed for Z-disk structure are based on the regular 
tetragonal or woven 20-24 nm lattice of the Z-disk image as seen in cross-
section. As indicated previously, this "typical" lattice is oriented at 
an angle of 45° with respect to the lattice formed by I-filaments in cross-
section as they approach the Z-disk. Before 1969, it was assumed that this 
relatively large, angled filament lattice constituted the only linkage 
between I-filaments of one sarcomere and those of an adjacent sarcomere. 
This assumption was severely weakened by discovery of a second, smaller 
lattice in cross-sectioned Z-disks (Fardeau, 1969; Landon, 1970; MacDonald 
and Engel, 1971) that had received primary glutaraldehyde fixation rather 
than the traditional fixation with osmium tetroxide (Landon, 19 70). This 
smaller square-lattice had a spacing of approximately 11 nm, and its axes 
were parallel with the axes of the I-filaments entering the Z-disk. This 
small 11-nm lattice was observed only in Z-disks from muscles that were 
primarily fixed in glutaraldehyde, and Z-disks of rat striated muscle 
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primarily fixed in osmium tetroxide displayed only the characteristic 
angled lattice having a spacing of approximately 22 nm (Landon, 1970) . 
Landon (1970) suggests that this smaller lattice originates from super-
imposition of two square lattices, each with a 22-nm spacing and 50% 
out of register with each other. Each of these 22-nm parallel lattices 
is formed by lateral linkage of the ends of adjacent I-filaments from 
one side of the Z-disk, and the 22-nm lattice similarly formed on the 
opposite side of the Z-disk is exactly 50% out of register with this 
lattice. Landon (1970) attributes the structural differences that 
seem to be introduced by fixation to a complete transformation of the 
small lattice structure. This transformation requires that osmium 
fixation causes disconnection of Z-filaments linking adjacent I-filaments 
on one side of the Z-disk, rotation of these Z-filaments by 45°, and 
reattachment to I-filaments from the opposite side of the Z-disk. 
MacDonald and Engel (1970), however, have suggested two other 
possible explanations for the two different Z-lattices observed in 
glutaraldehyde and osmium-fixed muscle. The first explanation is that 
Z-filaments constituting the Z-lattice exist in two different states, 
but that four Z-filaments emanate from one I-filament in either state. 
One state, an acutely bent state, is preserved by glutaraldehyde fixation. 
When viewed in cross-section, Z-filaments originating from one I-filament 
in this state resemble a swastika, and adjacent swastikas produce the 
small, 11-nm parallel lattice seen in glutaraldehyde-fixed muscle. Osmium 
fixation, on the other hand, transforms the acutely binding Z-filaments 
into gently curving filaments that in cross-section produce the large 22-nm 
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angled lattice observed in osmium-fixed muscle. An alternative explan­
ation is that two sets of Z-filaments having two different configurations 
are present in each Z-disk. One set of Z-filaments, called Z-1 filaments 
by MacDonald and Engel (1971), link I-filaments from one side of the Z-
disk to I-filaments from the opposite side of the Z-disk. The second set 
of Z-filaments, called Z-2 filaments, exist in a looping configuration 
similar to that proposed earlier for Z-filaments by Kelly (1967) and 
Rowe (1971) and link adjacent I-filaments from the same side of the Z-
disk together. Glutaraldehyde fixation preserves both Z-1 and Z-2 fila­
ments, but Z-2 filaments mask Z-1 filaments so only Z-2 filaments are 
seen in glutaraldehyde-fixed muscle. On the other hand, osmium fixation 
destroys Z-2 filaments, and the lattice formed by the Z-1 filaments is 
then evident. Although MacDonald and Engel (1971) favor the first explan­
ation because it requires existence of only one set of filaments, recent 
evidence on two types of material found in Z-disks (Kelly and Cahill, 1972) 
suggests that their second explanation may actually be the more nearly 
correct one. 
Kelly and Cahill (1972) have recently called attention to the fact 
that Z-disks in most skeletal muscles consist of two primary phases: 1) 
a filamentous lattice phase that seems relatively unaltered by either 
glutaraldehyde or osmium fixation; and 2) an amorphous matrix phase that 
surrounds the Z-filaments and seems highly variable in content and form 
depending on the muscle examined and on the type of fixation used. Glutar­
aldehyde-fixed frog muscle Z-disks have a copious matrix phase and this 
phase is seldom totally depleted by osmium fixation. In young newt muscle 
Z-disks, however, little matrix is present after glutaraldehyde fixation 
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and no matrix remains after primary osmium fixation. Matrix that is re­
tained after fixation by either glutaraldehyde or osmium appears to be 
deposited in lattice-like patterns in Z disks. Kelly and Cahill (1972), 
therefore, suggest that these lattice-like patterns formed by deposition 
of matrix material or the absence of these patterns, are the basis for 
the varying images of Z-disks observed under different fixation conditions, 
and that the underlying filamentous lattice is relatively stable to fixa­
tion. This interpretation was corroborated by serial cross-sections that 
followed individual filaments or sets of filaments as they coursed through 
the Z-disk in newt or frog skeletal muscle. In the center of the I-band, 
1-fllaments become arranged into parallel rows with dots equidistant and 
about 24 nm apart. Near this point, the I-filaments in glutaraldehyde 
acquire interconnecting dense strands that outline the margins of the 
approximately 24-nm square linking the dots. This is the large, parallel 
lattice that Landon (1970) earlier described as a "basic" lattice occupying 
either face of the Z-disk. Those 24 nm squares seem to be converted into 
the 11-nm lattice within the area of the section presumed to be the Z-disk 
proper, whereas the large, angled lattice is observed near the center of 
the Z-disk. These observations were made using glutaraldehyde-fixed, 
stretched frog skeletal muscle. If osmium-fixed newt muscle, which con­
tains no matrix component, was examined in an identical manner, the parallel 
rows of actin dots seen as the 1-filaments approached the Z-disk were trans­
formed directly into the large angled lattice and then back again into 
parallel rows of actin dots as the serial sections passed through the Z-
disk; no small or large parallel lattices were ever seen. Kelly and Cahill 
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(1972) also point out that although the small and large parallel lattices 
had been called filamentous by previous investigators, the areas of den­
sity that form the sides of these lattices that the previous investigators 
termed filaments were very pleomorphic. The strands of density varied in 
diameter from 2 to 6 nm, and their presence varied greatly from place to 
place within a lattice and from specimen to specimen, even when glutar-
aldehyde fixation was used. Consequently, Kelly and Cahill (1972) suggest 
that the large and small parallel lattices are formed by denaturation of 
the matrix material by glutaraldehyde fixation and deposition of this de­
natured material as strands between adjacent actin filaments. Because 
osmium tetroxide extracts the matrix material, the large and small lattices 
are not present in osmium-fixed muscle. The large, angled lattice that 
forms the "basketweave" structure described earlier by Reedy (1964) is 
formed by Z-filaments that are invariant in appearance whether the muscle 
is fixed by osmium or glutaraldehyde. Z-disks in developing muscle fre­
quently contain less matrix material than Z-disks in mature muscle (Kelly 
arid Cahill, 1972), and Z-disks in developing muscle also frequently do not 
display large and small lattices, regardless of whether the muscle has been 
fixed with glutaraldehyde or osmium (MacDonald and Engel, 1971). This 
observation, therefore, supports Kelly and Cahill's proposal (Kelly and 
Caliill, 1972) that alteration of the matrix material by fixation causes 
formation of the large and small lattices. It is interesting to note that 
distinguishing between the two phases of material in the Z-disk (Kelly and 
Cahill, 1972) and attributing the large and small lattices to one of the 
two phases is teleologically similar to the explanation involving two kinds 
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of Z-filaments that MacDonald and Engel (1971) proposed to account for 
the large parallel square lattices and the large angled lattice in Z-disks. 
In a thorough study, Franzini-Armstrong (1973) has recently described 
the structure of the very simple and narrow Z-disks found in L. reticulatis 
tails. She then compared this structure with three of the models proposed 
for the molecular architecture of the Z-disk to determine whether any of 
the three was uniquely able to account for the structure of a simple Z-
disk. Z-disks in the guppy tails studied by Franzini-Armstrong have al­
most no matrix material, and their structure is not affected by method of 
fixation. Consequently, structure of these Z-disks can be observed without 
interference from matrix material. Three different categories of Z-disk 
configuration could be distinguished in longitudinal section (Franzini-
Armstrong, 1973). These categories were named patterns 1, 2, and 3. The 
configurations were dependent on section thickness and on orientation of 
the section relative to the square lattices formed by the thin filaments 
as they approached the Z-disk. In pattern 1, the Z-disk appears as a clear 
/slg-zag sLructure whose tips alternately join thin filaments from opposite 
sarcomeres. In the second pattern, Z-filaments run across the Z-disk 
parallel to the thin filaments, and spaces between the Z-disks are occupied 
by the poorly defined or amorphous material. In the third pattern, the Z-
disk has a zig-zag structure, but the lines are not well defined. In addi­
tion, longitudinally oriented Z-filaments bisect each branch of the zig­
zag in pattern 3. Pattern 1 is obtained when the section plane is parallel 
to the sides of the squares formed by the thin filament lattice at the edge 
of the Z-disk. It is obvious from pattern 1, that the thin filaments do 
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not continue unchanged into the Z-disk and that thin filament arrays 
on opposite sides of the Z-disk are staggered by a one-half period. 
Pattern 2 is obtained when the plane of section is parallel to the 
diagonal of the square lattice formed by thin filaments at the edge of 
the Z-disk. The seeming continuity of the thin filaments into the Z-
disk is an illusion; the longitudinal filaments that appear to be 
thin filaments continuing into the Z-disk are actually Z-filaments 
that lie in planes perpendicular to the section and parallel to the 
fiber axis. Pattern 3 is obtained from very thin sections cut in a 
plane that is also parallel to the diagonals of the thin filament lat­
tice. Arms of the zig-zag in pattern 3 are individual Z-filaments, 
and the longitudinally oriented filaments that bisect the zig-zag 
result from superimposition of two Z-filaments, one running toward the 
viewer and the other running toward the back of the page. After this 
extensive structural characterization of a simple and narrow Z-disk, 
Franzini-Armstrong (1973) compared these structural observations with 
the requirements imposed on Z-disk structure by the three most widely 
discussed models of Z-disk architecture: 1) the diagonal Z-filament 
model of Knappeis and Carlsen (1962) (Figure 4A); 2) the looping filament 
model of Kelly (1967) (Figure 4B) in which two loops originate from each 
thin filament; and 3) the looping filament model of Rowe (1971) (Figure 
4C) in which four loops originate from each i-filament. The looping 
filament model of Kelly differs from the actual structure of the simple 
guppy Z-disk in at least three seemingly irreconcilable ways. 1) In 
guppy Z-disks, thin filaments are centers of rotational symmetry, and 
the Z-filaments follow axes of bilateral symmetry through the I-filament. 
Figure 4. Schematic diagrams of cross sections of three different 
Z-disk models as summarized by Franzini-Armstrong (1973) 
(A) A schematic top view of the Z-disk model similar to 
that proposed by Knappeis and Carlsen (1962). Projections 
of the I-filaments onto the Z-plane are represented as 
circles; filaments from one sarcomere are stippled, and 
filaments from the opposite sarcomere are black. Relative 
dimensions of the filaments and their spacings are given 
accurately based on a diameter of 100 A for I-filaments 
of the Z-disk, 260 Â for the spacing between I-filaments 
at the Z-disk, and 40 Â for diameter of Z-filaments. (B) 
Top view of the looping filament model proposed by Kelly 
(1967), with the Z-loops, I-filaments and their spacings 
all depicted in scale relative to their observed dimensions. 
(C) Top view of the looping filament Z-disk model as pro­
posed by ROW€. (1971). Reproduced from Franzini-Armstrong 
(1973) by permission of the author and the Rockefeller 
University Press.) 
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In the looping filament model, the thin filaments are not centers of 
rotational symmetry and because the filaments loop in the Z-disk, there 
is no axis of bilateral symmetry through the I-filament. 2) In the 
looping filament model, crossover points of the looping filaments do 
not coincide with the center of the I-filaments but occur just at the 
periphery of these filaments. As indicated in the first point, however, 
electron micrographs of cross-sections through guppy Z-disks show that 
I-filaments are exactly at the center of the Z-filament crossovers. 3) 
Because of the slight assymmetry inherent in the looping filament model, 
openings of the Z-network in this model are approximately rhomboidal. 
Such rhomboidal openings are never observed as cross-sections of guppy 
Z-disks. As discussed earlier, the looping filament model of Rowe (1971) 
was proposed to account for the small, 11 nm parallel lattices observed 
in complex Z-disks after glutaraldehyde fixation. • Because a small, 11 
nm lattice parallel to the thin filament lattice is never observed in 
cross-sections of guppy Z-disks, Rowe's model (1971) also is clearly incom­
patible with the structure of tlie simule Z disk in guppy skeletal mnsrlp 
fibers. Franzini-Armstrong, therefore, concludes that the structure of 
guppy Z-disks is best explained by the Knappeis and Carlsen model (1962) 
in which an I-filament at the edge of the Z-disk divides into four Z-
filaments that then pass diagonally through the Z-disk to connect directly 
to four I-filaments facing the original I-filament on the opposite side of 
the Z-disk. 
To summarize this section on Z-disk structure, the following points 
can be made: 
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1. If the loops in the looping filament models are actin, then 
the looping filament model for Z-disk structure requires that actin 
strands be approximately 2 ym in length. Native actin filaments pre­
pared by homogenization of vertebrate skeletal muscle myofibrils never 
exceed 1 ym in length (Allen and Pepe, 1965). Even if the long 2 ym 
actin filaments are particularly susceptible to fracture at the level 
of the Z-disk where they become single-stranded, the looping actin 
filament model is inconsistent with the fact that all actin filaments 
on one side of the Z-disk have the same polarity as visualized by 
binding of heavy meromyosin to form "arrowhead" structures (Huxley, 
1963). Consequently, it seems unlikely that the looping actin fila­
ment model can account for Z-disk architecture in vertebrate myofibrils. 
2. Support for the looping filament model in which the loops are 
tropomyosin come largely from Kelly's electron microscope observations 
(Kelly, 1967, 1969) showing what appear to be looping filaments in 
desmosomes, intercalated disks, myotendinous junctions and Z-disks. 
All these structure;;, however, contain abundant amounts of amorphous 
material similar to the matrix phase that Kelly himself (Kelly and 
Cahill, 1972) describes in vertebrate Z-disks. Because Kelly and Cahill 
(1972) showed that the matrix component could be precipitated in the 
form of filamentous arrays by the fixatives ordinarily used for electron 
microscopy, it seems possible that the looping filaments observed by 
Kelly in desmosomes, intercalated discs, rayotendinous junctions, and Z~ 
disks could have also originated from the amorphous material which all 
of these structures contain in abundance. 
3. The recent study by Franzini-Armstrong (1973) has shown that 
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the looping filament model cannot account for the structure of a simple, 
narrow Z-disk that contains little or no matrix material. Consequently, 
the looping filament model cannot be universally applicable if it is 
applicable at all. 
2 
4. The full isometric tension of three to four kg/cm is borne by 
the Z-disk of contracting skeletal muscle fibers. This tension would 
be expected to cause some slipping between the two loops that originate 
from opposite sides of the Z-^disk in the looping filament model, and 
this slipping would result in narrowing of the Z-disk. Conversely, 
passively pushing in the sarcomeres should broaden the Z-disk and cause 
some disarrangement of its zig-zag structure if the Z-disk was constructed 
of tropomyosin loops. Franzini-Armstrong (1973) finds that the struc­
ture and width of the Z-disk are unaltered during either active or pas­
sive shortening. Consequently, some kind of direct linkage must exist 
between I-filaments on opposite sides of the Z-disk. 
The four points listed in the preceding summary suggest that looping 
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Z-disks in vertebrate skeletal muscle. On the other hf.nd, the original 
diagonal Z-filament model first proposed by Knappeis and Carlsen (1962) 
survives all the criticisms listed in the preceding four points. Further­
more, if it is accepted that precipitation of the matrix phase in Z-disks 
by fixatives used during preparation of materials for electron microscopy 
causes formation of the 11-nm parallel lattices sometimes observed in 
cross-sections (Kelly and Cahill, 1972), then the Knappeis and Carlsen 
(1962) model satisfactorily accounts for all electron microscope observations 
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recorded thus far for Z-disk structure. Katchburian et al. (1973) have 
recently examined Z-disks from rat skeletal muscle in an electron micro­
scope fitted with a goniometer stage capable of tilting the specimen 
± 60°; this stage assists in determining the effect of plane of section 
on Z-disk structure. These investigators conclude that most of the dif­
ferent images described for Z-disks are due to different planes of section 
and that all these images are consistent with the original structure pro­
posed by Knappeis and Carlsen (1962), although the Z-filaments are probably 
less rigidly ordered than originally suggested. Consequently, most recent 
evidence on the molecular architecture of the Z-disk suggests that Z-disks 
have a structure essentially identical to the diagonal Z-filament model 
proposed by Knappeis and Carlsen (1962) but containing a matrix phase 
in addition to the Z-filaments. This structure, however, provides no 
clues about the chemical nature of the Z-filaments or the matrix phase 
of the Z-disk, or about the nature of the connections that the Z-filaments 
make with the I-filament. 
Z-Disk Composition 
Prior to 1967, it was commonly accepted that tropomyosin was the 
major component of the Z-disk. This acceptance was based on three lines 
of circumstantial evidence: 1) Huxley (1963) had observed that ultra-
structure of tropomyosin crystals closely resemble the ultrastructure 
seen in cross-sections of the Z-disk; 2) Endo £t £d. (1966) found that 
fluorescein-labeled anti-tropomyosin antibodies bound to Z-disks and all 
along the length of thin filaments, although they stated that binding of 
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antl-tropomyosin to Z-disks was not consistent, and that not all Z-disks 
bound antl-tropomyosin antibodies; and 3) the Z-disk was noticed to dis­
appear concomitantly with extraction of actin and tropomyosin (Corsi and 
Perry, 1958; Corsi ^  , 1967). 
In 1967, several reports suggested that the prevailing concepts on 
composition of the Z-disk may be incorrect. Stromer and co-workers 
(Stromer e^ , 1967, 1969) described a low ionic strength extraction 
method that completely removed the densely staining material from Z-
disks of glycerinated rabbit psoas fibrils. This dense material may 
correspond to the matrix material described by Kelly and Cahill (1972) 
and discussed in the preceding section. When extracted fibrils con­
taining no dense Z-disk material were incubated with concentrated solu­
tions of the low ionic strength extracts, it was possible to reconstitute 
the dense or amorphous phase of the extracted Z-disks. Stromer and co­
workers (Stromer £l.j 1967, 1969) found that the dense component of Z-
disks could be reconstituted by incubation of extracted fibrils either 
with a fraction salted out of the Z-disk extracts nprween 0 and 
ammonium sulfate saturation or with a fraction salted out of a Bailey 
extract of natural actomyosin between 0 and 40% ammonium sulfate satura­
tion. A variety of tests showed that neither of these two fractions 
capable of reconstituting the dense material in Z-disks contained any 
tropomyosin. Moreover, purified tropomyosin was unable to reconstitute 
the dense material in Z-disks. Consequently, the dense, amorphous 
material in Z-disks evidently contains no tropomyosin. Stromer et_ 
(1969) subsequently showed that definite structural differences exist 
between cross-sections of tropomyosin crystals and cross-sections through 
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the Z-disk. Although it seems unlikely that tropomyosin should be ex­
pected to exist in a crystalline form in the myofibril, and therefore 
that any relation should be expected between the structure of tropomyosin 
crystals and the structure of Z-disks, the findings of Stromer and co­
workers (Stromer e^ , 1967, 1969) were important because they were 
the first to seriously question the assumed existence of tropomyosin in 
the Z-disk. 
In the same year, Goll e^ (1967, 1969) and Masaki et (1967) 
independently reported two different lines of evidence suggesting that 
a-actinin is a component of the Z-disk. Goll e^ (1967, 1969) found 
that limited tryptic digestion of rabbit skeletal muscle myofibrils re­
leased a protein that possessed potent a-actinin activity. Loss of Z-
disk density, as monitored by phase-contrast microscopy, coincided with 
release of the a-actinin-like protein from myofibrils. Masaki et al. 
(1967) found that antibodies made against the impure a-actinin preparations 
that were available at that time and absorbed to remove antibodies made 
against impurities in these preparations bound only to the Z-disk of myo­
fibrils. Because it was necessary to absorb the antibodies elicited 
against the crude a-actinin preparations, the fluorescein-labeled antibody 
results of Masaki e^ (1967) were not by themselves conclusive proof 
that it was the anti-a-actinin antibody that bound to the Z-disk. The 
antibody results (Masaki ejt , 1967) and enzymatic dissection results 
(Goll et ^ ., 1967, 1969) together, however, suggested rather strongly 
that a-actinin was in the Z-disk of vertebrate skeletal muscle. 
Because this evidence suggested that a-actinin was a constituent of 
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the Z-disk, Stromer et (1967, 1969) attempted to reconstitute the 
dense material in lew ionic strength extracted Z-disks by using the 
crude a-actinin preparations that were available at that time (Ebashi 
and Ebashi, 1965; Seraydarian et , 1967). Incubation of myofibrils 
that had been extracted to remove the dense material from their Z-disks 
with crude a-actinin preparations resulted in extensive formation of 
cross-bridges between adjacent thin filaments in the I-band, but pro­
duced very little reconstitution of dense material in the Z-disks (Stromer 
et al., 1969). Goll et (1969) subsequently showed that the crude 
a-actinin preparations (Ebashi and Ebashi, 1965; Seraydarian et , 1967) 
used by Stromer and coworkers (Stromer et , 1969) contained only 5-20% 
of their protein as the 6S a-actinin species and that the remaining 80-
95% of the protein in these preparations was probably denatured actin. 
Consequently, it seemed possible that failure of Stromer e^ (1969) 
to obtain reconstitution of the dense material in Z-disks with these crude 
a-actinin preparations was due to the very low proportion of active a-
actinin in tllcoc crude pLcpâïTâkloriâ. Subaê4uêuu âLueîùpua Lû têCOiibulLuLê 
Z-disks in Z-disk extracted fibrils with purified a-actinin solutions con­
taining at least 80% of their protein as the active oi=actinin species, 
however, also failed (Robson et , 1970; Stromer and Goll, 1972). Be­
cause a-actinin constitutes only 1 to 2% of total myofibrillar protein 
(Goll et ^ . 5 1972; Rob s on et , 1970; Robson and Zeece, 1973; Suzuki 
et al., 1973), it is clear that a-actinin alone does not constitute all 
the 5 to 6% of total myofibrillar mass due to the Z-disk (Huxley and Hanson, 
1961), and that the Z-disk must contain proteins in addition to a-actinin. 
However, the nature of these additional proteins and the relation of these 
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additional proteins and a-actinin to the filamentous and matrix phases 
described by Kelly and Cahill (1972) remain completely unknown. 
In a recent study, Etlinger and Fischman (1972) have found that 
if myosin is completely extracted from vertebrate skeletal myofibrils 
with two washes in Hasselbach-Schneider solution, Z-disk struct 're re­
mains unaltered. Etlinger and Fischman (1972) claim that the dense or 
amorphous material in the Z-disks of these myosin-extracted myofibrils 
can be removed by 0.2 percent deoxycholate in 0.1 M KCl, 0.005 M MgCl2j 
and the solubilized material can then be readily purified and concentrated. 
Such a Z-disk extract migrates on SDS-polyacrylamide gels at a rate similar 
to that of a-actinin. Although Etlinger and Fischman (1972) also claim 
that the filamentous Z-disk lattice remains intact when the dense material 
is removed by 0.2% deoxycholate solution, it is difficult to determine 
from the micrographs that they show whether the filamentous lattice has 
survived the deoxycholate extractions totally unscathed. The micrographs 
also suggest that not all the dense material has been removed by the 0.2% 
deuxvcuoluLe extiâcLloii. CouseciuGutlv. it is verv difficult to determine 
from Etlinger and Fischman's results (Etlinger and Fischman, 1972) whether 
there is any justification for suggesting that a-actinin is associated 
with the dense or matrix component of Z-disks. Clearly, additional studies 
along these lines are needed. 
Cardiac Muscle 
The striated muscle fibers of vertebrate heart differ in several 
respects from those of skeletal muscle. (1) Cardiac muscle is composed 
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of separate cellular units joined end-to-end by surface specializations 
called intercalated disks. Skeletal fibers are syncytial in nature. 
(2) The end-to-end alignment of cells in cardiac muscle fibers occasionally 
bifurcates and initiates additional rows of cells also aligned end-to-
end to form a complex three dimensional network. Skeletal fibers are 
simple, unbranching cylindrical units. (3) Nuclei are situated deep 
within cardiac muscle cells, whereas nuclei lie immediately beneath the 
sarcolemma in mammalian skeletal muscle. Moreover, cardiac muscle con­
tains only one, or rarely two, nuclei per cell, whereas skeletal muscle 
cells are multi-nucleated and contain up to 200 nuclei per cell. (4) 
Electrical impulses can be transmitted from one cardiac muscle cell to 
adjacent cardiac muscle cells. Cardiac muscle cells, therefore, differ 
physiologically from skeletal muscle cells that receive electrical im­
pulses only through the neuromuscular junction. It is evident from these 
four differences that, although myofibrils of cardiac muscle cells are 
very similar to those of skeletal muscle cells, the cardiac muscle cell 
possesses several imuorLaiiL specializations that enable it to perform 
its unique tasks. Current knowledge indicates that most of these impor­
tant specializations involve junctions between individual cardiac cells 
and the membranous structures that constitute these junctions. 
Because cell junctions in cardiac muscle have several structural 
and, perhaps also, chemical features in common with the Z-disk of skeletal 
muscle cells, the remainder of this section will be devoted to a discus­
sion of the properties of these cell junctions. In reviewing cell junc­
tions in cardiac muscle, it is important to distinguish between those 
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cells concerned primarily with electrical or conducting activity CP-
cells, Purkinje cells, and transitional cells) and those cells con­
cerned primarily with mechanical or contractile activity (cells consti­
tuting the atrial and ventricular myocardium). Differences in ultra-
structure are the principal basis for separating these two categories 
of cardiac muscle cells, and it seems likely that differences in morphology 
of the cell junctions in these two categories of cells has an important 
relationship to the functional properties inherent in each category. 
Cell junctions in mammalian cardiac muscle can be divided into 
four structural types: (1) the desmosome or macula adherens; (2) the 
fascia adherens, which is also referred to as the myofibrillar insertion 
plaque or the intermediate junction; (3) the nexus, which is also called 
the maculae or fascia occludens, a quintuple-layered membrane junction, 
a close junction, a tight junction, or a gap junction; and (4) the undif­
ferentiated regions. The first three types are specific structural dif­
ferentiations of the opposing plasma membranes forming the cell junction. 
Dimensions and distribution of all four typer- of cardiac cell junctions 
differ considerably between cells responsible for mechanical activity and 
cells responsible for electrical activity (Kawamura and James, 1971). 
Many of the specialized cell junctions seen in contractile cardiac 
muscle cells are associated with the unique structure called the inter­
calated disk. Tlie intercalated disk was originally defined by light 
microscopy, and its existence in contractile cardiac muscle cells has 
been known for many years. Electron microscopy, however, has revealed 
that the intercalated disk is a much more complex structure than was 
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realized from light microscope studies. Instead of simply extending 
transversely across myofibrils in a straight line, the intercalated 
disk, after leaving a myofibril, frequently turns almost 90° in direc­
tion, runs longitudinally along the cell for a variable distance, and 
then turns almost 90° again to continue its transverse passage across 
the myofibril. The result is that the intercalated disk traces a 
stairstep-like course through the cardiac muscle fiber. Recent electron 
microscope investigations (Fawcett and McNutt, 1969) have demonstrated 
that the intercalated disk is a junction between two separate cardiac 
muscle cells, that the intercalated disk occurs in the same level in the 
cardiac muscle cell as the Z disk does, and that three different kinds of 
cell junctions occur along the length of the intercalated disk. These 
three types of junctions are: 1) the fascia adherentes that occupies 
most of the transverse portion of the intercalated disk and that contains 
dense material in which thin filaments from the terminal sarcomeres are 
anchored; this region of the intercalated disk is the only part that is 
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of the "intercalated disk" refer only to this region; 2) the desmosomes or 
macula adherentes, which are also located principally on the transverse 
part of the intercalated disk in between the fascia adherentes; and 3) 
the nexus, gap junctions, or tight junctions, which are located in both 
the longitudinal and the transverse portions of the intercalated disk. 
Consequently, the intercalated disk alone contains three of the four kinds 
of cell junctions observed in cardiac muscle cells, and it is a very im­
portant but not exclusive location of specialized cell junctions in cardiac 
muscle cells. 
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With this brief review of the intercalated disk, the properties of 
the four kinds of cell junctions found in cardiac muscle will be dis­
cussed individually. 
The desmosome (maculae adherens) 
Both the desmosome and the fascia adherens occur most frequently 
in cardiac muscle along the transverse portion of the intercalated disk. 
In both these specialized regions, the plasma membranes of adjacent 
cells run parallel to each other and are separated by a very uniform 
space of 20-30 nm. The desmosome characteristically occupies short 
distances between the spaces occupied by the fascia adherens along the 
transverse portion of the intercalated disk. The most conspicuous 
feature of the desmosome is the presence of a very dense plaque, uni­
formly about 20 nm in thickness. This plaque is closely applied to 
the inner layer of the apposing plasma membranes. Adjacent to these 
apposing plaques is a broad band of less dense material. Fine cyto­
plasmic filaments, approximately 10 nm in diameter, may converge on the 
desmosome. These filaments are not nearly as numerous as those associ­
ated with desmosomes in epithelial tissues. Kawamura and James (1971) 
indicate that the two apposed plasma membranes in the desmosome do not 
always run exactly perpendicular to the long axis of the cell, but the 
space separating these two membranes is always very uniformly 20-30 nm 
wide. In glutaraldehyde- and osmium-fixed specimens, the intercel­
lular space between the two adjacent plasma membranes is usually bisected 
by a slender, densely staining line, and thin space if filled with an 
amorphous or granular material that makes this space appear more opaque 
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than that seen in the rest of the interspace along the cell junction. 
It is evident in heart muscle that many desmosomes of variable sizes 
are distributed rather irregularly over the surfaces that connect dif­
ferent cells. That some of these structures are seen in the vicinity 
of fasciae adherentes suggests that desmosomes could serve as attach­
ment devices to reinforce the intercellular cohesion function of the 
fascia adherens. 
The fascia adherens (myofibrillar insertion plaque, intermediate junction) 
This structure is identified by the presence of dense filamentous 
material, called the filamentous mat (McNutt, 1970), that accumulates 
on the cytoplasmic surface of the apposed plasma membranes. Again, an 
intercellular space of approximately 20-30 nm appears between the two 
apposed plasma membranes, and this space appears filled with amorphous 
material that stains lightly with ordinary electron microscope stains. 
A slender intermediate line is also occasionally seen along the middle 
of the intercellular syacu between the fascia adherens, but this line 
is much less conspicuous than that seen in the desraosome. The fascia 
adherens is characteristically the cellular junction in cardiac muscle 
that serves as the terminal attachment for myofibrils in the contrac­
tile cardiac cells. Myofibrils almost always attach to the -Intra­
cellular surface of the fascia adherens by inserting I-filaments from 
the terminal sarcomeres of each cell into the filamentous mat of fascia 
adherens. For this reason, this particular region is also called the 
myofibrillar insertion plaque (Muir, 1965). McNutt (1970), however. 
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points out that occasionally the filamentous mat of the fascia adherens 
connects to the Z-disk of the myofibrils. The main function of the 
fasciae adherentes evidently is maintenance of intercellular adhesion 
(Kawamura and James, 1971). 
The fascia adherens has a density very similar to the density of 
the Z-disk matrix, and as indicated above, McNutt (1970) has shown in 
cat muscle that dense material of the fascia adherens is occasionally 
continuous with that of the Z-disk. Moreover, Hagopian and Spiro (1970) 
have demonstrated continuity between both the zonulae and the fasciae 
adherentes and Z-disks in embryonic chick myocardium, and have therefore 
suggested that Z-disks are derived from these cell junctions. Although 
this suggestion has been disputed by others, these ultrastructural findings 
suggesting a close similarity between Z-disks of skeletal muscle and the 
fascia adherens of cardiac muscle have been strengthened by finding that 
treatment of chick myocardium with a 1 to 3 M urea solution results in 
complete extraction of Z-disks and partial extraction of the dense 
material of the fasciae adherentes, while the thin and the thick myofila­
ments remain unaffected (Rash et , 1968). Consequently, it seems 
possible that both the chemical composition and function of Z-disks and 
fascia adherens are closely related, although no information is presently 
available on the chemical composition of the fascia adherens. 
The nexus (fascia and macula occludens, quintuple-layered membrane junc­
tion, tight junction, close junction, gap junction) 
The nexus or gap junction is currently of intense interest to cardiac 
physiologists. Unfortunately, the confusion and seeming dichotomy that 
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attends the various names given this junction (e.g., tight junction 
vs. gap junction) symbolizes the confusion that exists regarding the 
structure of the nexus. It is now evident that variations in techniques 
of preparation have led to this confusion in terminology. The original 
concept of the nexus as a five-layered membrane structure in which the 
outer extracellular layers of the apposed unit plasma membranes are fused 
and the intercellular gap was entirely obliterated was based on studies 
of tissues that had been fixed either in OsO^, or in glutaraldehyde fol­
lowed by OsO^, or in KMnO^. Sections of such fixed tissue were then 
stained with lead citrate or hydroxide, or uranyl acetate followed by 
lead citrate (Kawamura and James, 1971) to produce the five-layered, 
fused membrane structure. This appearance of the nexus led to the use 
of terms such as tight junction, fused membrane, quintuple-layered mem­
brane junction, pentalaminar junction, macula or fascia occludens and 
close junction to describe this structure. 
By using a combination of lanthanum tracing and uranium en bloc 
staining. Revel and Karnovsky (1967^ 1968); hnwpvpr. demonstrated that 
at least two classes of "tight junctions" exist. (1) A group of "tight 
junctions" that permit no permeation of lanthanum exists in the epithelia 
of a number of glands and organs. These "tight junctions" exhibit true 
fusion of the extracellular pair of membranes and the extracellular space 
between these junctions is therefore obliterated. (2) A second group of 
junctions exists in mouse heart and liver in which any ostensible fusion 
of the outer layers of the apposed membranes is an artifact of fixation 
and staining for electron microscopy and the outer layers are actually 
separated by a "gap" of approximately 2 nm (Kawamura and James, 1971). 
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These gaps are freely permeable to lanthanum, and the name "gap junc­
tions'' has been suggested for these junctions (Revel and Karnovsky, 
1967). Only junctions of the second kind have been shown to occur in 
cardiac tissue. ITie nexuses in cardiac tissue do not encircle the cell, 
but exist in the form of isolated plaques of various sizes. Kawamura and 
Jones (1971) have suggested that nexuses in cardiac muscle represent the 
low electrical resistance pathways that allow electrical coupling of 
adjacent cells. Furthermore, the nexus of mammalian heart muscle is a 
site of very firm adhesion that can withstand several conditions that 
cause dehiscence in other regions of the intercalated disk (Drelfuss 
et , 1966; Kawamura and Konishi, 1967; Muir, 1965; Muir, 1967). 
The undifferentiated regions of cell junctions 
Simple appositions of two plasma membranes alternate with the 
specially differentiated regions just described along the membrane 
surfaces in cardiac muscle. The outer layers of plasma membranes of 
adjacent cells are usually separated by approximately 20 nm. In addi­
tion, small vesicles are frequently associated wich uie plasma membrane 
or open into the extracellular space between the plasma membrane. 
Nemaline Myopathy 
Shy and colleagues (Shy , 1963; Engel, 1965) and Conen et al. 
(1963) independently observed rod-like bodies in muscle biopsies of a 
child afflicted with a nonprogressive congenital myopathy. Ultrastruc­
tural studies disclosed that these rod-like structures, which sometimes 
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can extend the entire length of one or several sarcomeres, are struc­
turally very similar to hypertrophied Z-disks (Gonatas e^ , 1966). 
Huxley (1963) earlier had pointed out that the structure of cross-
sections through Z-disks was very similar to that of cross-sections 
through tropomyosin crystals, and Price e^ (1965) noted that 
cross-sections through rod bodies from nemaline myopathy muscle also 
resembled cross-sections through tropomyosin crystals. Consequently, 
Price (1965) suggested that the rod bodies might be enormous 
accumulations of tropomyosin. Furthermore, the rods seem to originate 
from the Z-disk, and it was logical to assume that they might have the 
same composition as the Z-disk of normal skeletal muscle. Pepe (1968), 
however, has shown tropomyosin antibodies will not bind to the rod 
bodies, and recently, Sugita and co-workers (Sugita ejt , 1974a, 
1974b) reported that antibodies against partly purified a-actinin 
preparations also do not bind to the rod bodies. This latter result 
is quite surprising because of the seeming relationship of rod bodies 
to Z-disks and because several lines of evidence currently suggest that 
Z-disks contain a-actinin. The confusion regarding the chemical nature 
of the rod bodies has been exacerbated by the recent finding of Sugita 
and co-workers (1974a, 1974b) that antibodies against "lOS a-actinin" 
bind to rod bodies and to Z-disks and thin filaments of normal muscle= 
"10 a-actinin" has the same molecular weight and the same amino acid 
composition as actin, and it seems very likely that it is some unusual, 
denatured form of actin. In view of the fundamental difficulties in 
constructing a Z-disk solely of actin filaments (see preceding section 
on Z-disks), it is not clear how the rod bodies could be constituted 
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largely of actin. It is obvious that further studies are needed on 
the chemical nature of the rod bodies in nemaline myopathy. 
Smooth Muscle 
Smooth muscle differs markedly from mammalian skeletal muscle 
primarily because of the lack of detectable organization in smooth 
muscle. Unlike skeletal muscle, smooth muscle exhibits no regular, 
cross-striated binding pattern along the length of the muscle cell, 
but instead stains uniformly with electron microscopy stains and is 
birefringent throughout its length. In addition, smooth muscle is 
innervated by the autonomic nervous system and is therefore under in­
voluntary rather than voluntary control. 
The organization of contractile proteins in vertebrate smooth 
muscle has been, until recently, uncertain and highly controversial. 
Thin, actin-like filaments are always found, and frequently occur in 
two or three rows ot regularly aligned filaments running between adja­
cent rows of thick filaments (Somylo ej: ^ . , 1973). Occasionally, 
large groupings of thin filaments packed in an approximately hexagonal 
array are observed (Heumann, 1970; Somylo £t _al., 1973). In addition 
to thin, actin filaments, a number of authors (Cooke and Chase, 1971: 
Rice ejt £l., 1970) have observed a population of filaments having rela­
tively regular, round profiles in cross-section and being approximately 
10 nm in diameter in a variety of smooth muscles. 'Tliese so-called inter­
mediate filaments evidently contain neither actin nor myosin, and are 
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not degradation products of myosin filaments nor aggregates of thin 
filaments. Cross-sections of smooth muscle cells show that intermediate 
filaments are often assembled around the periphery of dense bodies 
(Somylo et al., 1971a; Lowy and Small, 1970) and remain associated with 
dense bodies even after actin and myosin have been extracted from the 
fibers (Cooke and Chase, 1971; Rice and Brady, 1972). Until a year ago, 
the major unsettled question regarding organization of contractile pro­
teins in smooth muscle was whether, in living smooth muscle, myosin was 
in a dispersed, molecular state, was organized into thick filaments, was 
in the form of large ribbons (Small and Squire, 1972), or was assembled 
into thick filaments only at the time of contraction (Fanner and Honig, 
1967, 1970). Very recently, Sonylo et £l, (1973) have demonstrated that 
thick filaments approximately 15 nm in diameter and 1.5 ym long are stable 
structures in vertebrate smooth muscle, and failure to visualize them is 
due to inadequate preparatory techniques for electron microscopy. Hence, 
it is now probable that smooth muscle possesses thick and thin filaments 
that have dimensions similar to the thick and thin filaments in skeletal 
muscle but that are not arranged into highly ordered, interdigitating 
arrays characteristic of skeletal muscle. 
Dense bodies 
Darkly staining areas, approximately 70 nm wide and 400 nm long, are 
seen in the cytoplasm of most smooth muscle cells. These darkly staining 
areas have been named "dense bodies." In some smooth muscles, dense 
bodies appear randomly dispersed throughout the cell, whereas in other 
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smooth muscles, they appear to be arranged In a distinct, evenly spaced 
pattern that has prompted the suggestion that they may form a skeletal 
lattice (Prosser e^ al., 1960). Myofilaments often appear to converge 
upon and enter dense bodies (Mark, 1956; Prosser ^  al•, 1960). Lane 
(1965) claimed that in some mouse intestinal muscles, dense bodies are 
the only places where both thick and thin filaments converge. On the 
other hand, in some electron micrographs, dense bodies appear to repre­
sent an aggregation of thin filaments (Yamauchi, 1964). 
It has recently been suggested that two kinds of dense bodies may 
exist in smooth muscle cells. These two kinds of dense bodies may be 
distinguished on the basis of location and size of the filaments that 
enter them. The first kind of dense body has thin filaments the diameter 
of actin filaments (4.8-8.0 nm) entering it (Devine and Somylo, 1971) 
and therefore seems functionally analogous to the Z disk of skeletal 
muscle. Many dense bodies of this type are found scattered along the 
intracellular surface of the plasma membrane of smooth muscle cells 
(Devine et al., 1972), but other investigators (Devine and Somylo, 19/1; 
Somylo et^ , 1973) also describe dense bodies associated with actin 
filaments in the interior of smooth muscle cells. The relationship of 
these actin-associated dense bodies to skeletal muscle Z disks is 
strengthened by the observation that trypsin, which very quickly removes 
Z-disks from skeletal muscle (Stromer £t al., 1967) , also removes dense 
bodies from smooth muscle (Rosenbluth, 1971). 
A second kind of dense body associated with the 10-nm, intermediate 
filaments rather than with actin filaments may also exist in smooth 
muscle cells. A large number of intermediate filaments are seen in 
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developing smooth muscle (Uehara ^  al., 1971), and a number of investi­
gators (Somylo ^  al-, 1971b; Cooke and Chase, 1971; Cooke and Fay, 
1972) have described a class of dense bodies that seem to have only 10-nm 
intermediate filaments impinging on them. Cooke and Chase (1971) iso­
lated and partially purified dense bodies containing 10-nm filaments 
attached to them by completely extracting actomyosin from minced smooth 
muscle to leave the dense bodies and associated 10-nm filaments behind. 
Rice and Brady (1972) found that low ionic strength extraction (2 mM 
Tris) of dense bodies isolated by the method of Cooke and Chase (1971) 
removed the amorphous material from these dense bodies at a rate very 
similar to the rate of removal of dense material from Z-disks of skeletal 
muscle (Stromer et al., 1969). These low ionic strength extractions 
were monitored by SDS polyaerylamide gel electrophoresis to determine 
the molecular weights of both the extracted and the residue proteins. 
As low ionic strength extraction proceeded, increasing amounts of two 
proteins having molecular weights of approximately 16,000 and 18,000 
daltons were solubilized. Many other minor proteins were also extracted 
by the low ionic strength treatment. The residue remaining after low 
ionic strength extraction contained two proteins with molecular weights 
of approximately 85,000 and 105,000 daltons. It is still very unclear 
whether the dense bodies that seem associated exclusively with the TO-nm 
filaments are distinct entities from the dense bodies associated with 
actin filaments or whether the ostensible presence of two kinds of dense 
bodies can also be attributed to improper fixation for electron microscopy. 
Additional information on the chemical nature of dense bodies and 
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intermediate filaments is needed before this question can be 
resolved. 
The Fibroblast 
Fibroblasts are classically viewed as connective tissue cells, 
usually quiescent, but capable of synthesizing large amounts of col­
lagen when needed. Recently, it has been shown that fibroblasts are 
not always sessile cells, but have the ability to change their shape 
and even to become motile through a series of pseudopodia (Gabbiani 
£t , 1972; Gabbiani e^ , 1973). In normal connective tissue, a 
typical fibroblast has an oval nucleus and long cytoplasmic processes. 
Electron microscopy has shown that the nucleus has a smoothly con­
toured outline, and the cytoplasm contains prominent cisternae of 
rou^ endoplasmic reticulum, some mitochondria, and scattered micro­
filaments ('V 6 nm in diameter) . 
While investigating the mechanisms involved in wound contraction, 
it was found that granulation tissue fibroblasts progressively develop 
several features typical of smooth muscle cells (Gabbiani et al., 1972). 
First, this ostensible metamorphosis was characterized by accumulation 
of massive bundles of cytoplasmic microfilaments, 5 to 10 nm in dia­
meter, and arranged parallel to the long axis of the cell. These accumu­
lations oi microfilaments contained many elecLioa-uense areas morpho­
logically similar to the dense bodies or attachment sites of smooth muscles. 
These microfilament bundles appear to occupy much of the cytoplasm, but 
packed cisternae of rough endoplasmic reticulum, typical of normal 
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fibroblasts, are still present. Second, nuclear deformations in the 
form of multiple indentations or deep folds, are developed in fibro­
blasts during wound contraction. These folds are reminiscent of those 
seen in smooth muscle and other cells undergoing contraction. Third, 
fibroblasts in wound contraction undergo surface differentiations by 
which the cells are attached to one another through junctional com­
plexes similar to the macula adherens (desmosome) or the nexus, or to 
the stroma through "hemi-desmosomes" between the cell membrane and 
overlying basal lamina. Finally, fibroblasts in wound contraction 
stain immunofluorescently with anti-smooth muscle serum as well as 
showing the ability to contract with drugs that stimulate contraction 
of smooth muscle. Consequently, it currently seems likely that fibro­
blasts and smooth muscle cells are related both ontogenetically and 
phylogenetically. 
The idea that fibroblasts are related to smooth muscle cells has 
been strengthened by finding actin that seems identical to skeletal or 
smooth ni'jscle actin in cultured fibroblasts (PerHnp. 1Q7Î: Yang and 
Perdue, 1972). This actin exists in microfilaments, 6 to 8 nm in dia­
meter (Lazarides and Weber, 1974), that are most abundant near the ven­
tral surface of colls attached to surfaces and in pseudopodial processes 
(Perdue, 1973). At points where fibroblasts attach to surfaces, some of 
the actin-containing microfilaments seem to exist exterior to the cell, 
and it has been suggested that these microfilaments are essential for 
attachment and motility of fibroblasts. Some preliminary results suggest 
that fibroblasts may also contain tropomyosin and myosin (Perdue, 1973; 
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Yang and Perdue, 1972; Adelstein and Conti, 1974; Oslund et al., 
1974). 
Other Nonmuscle Cells 
Intracellular filaments, approximately 5-8 nm in diameter are pre­
sent in a wide variety of different cell types, and it is becoming in­
creasingly likely that such filaments are common constituents of eucaryotic 
cells (Lazarides and Weber, 1974). These microfilaments are related to 
actin filaments of striated muscle by their diameters and by their ability 
to bind heavy meromyosin to form arrowhead structures (Huxley, 1963). Thus 
far, microfilaments that bind heavy meromyosin to form arrowhead structures 
have been found in chondrocytes (Ishikawa e^ , 1969), fibroblasts 
(Ishikawa et al., 1969), the microvilli of intestinal epithelial cells 
(Ishikawa et al., 1969), kidney tubule cells (Ishikawa e_t al., 1969), blood 
thrombocytes (Shepro et , 1969), and the cleavage furrow (Arnold, 1971). 
Binding of heavy meromyosin is presumably a very specific test for the 
presence of actin. If so, these results suggest that the muscle protein, 
actin, is ubiquitous to all cells ol higher organisms because, in addition 
to all the different kinds of cells just named, heavy meromyosin-binding 
microfilaments have been seen in the cytoplasm of mitotically dividing 
cells during cytokinesis. Therefore, any cell that undergoes cell divi­
sion must contain actin. The seemingly ubiquitous presence of actin fila­
ments in cell types other than muscle has naturally led to the specula­
tion that these filaments function in certain types of contractile pro­
cesses such as cleavage (Schroeder, 1968; Arnold, 1969; Szollosi, 1970; 
Tilney and Marshland, 1969), neural-tube formation (Baker and Schroeder, 
1967), resorption of ascidian tadpole tails (Cloney, 1966; Cloney, 1969), 
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certain types of cytoplasmic streaming (Nagai and Rebuhn, 1966), shorten­
ing of secondary mesenchymal processes during gastrulation (Tilney and 
Gibbins, 1969), and pulsations of intestinal epithelial cell microvilli 
(Thuneberg and Rostgaard, 1969). Recent evidence in support of these 
speculations has come from experiments showing that cytochalasin B 
(Schroeder, 1970; Wessels ejt ^., 1971) destroys the integrity of micro­
filaments, and simultaneously, the contractile function of the treated 
cells is lost. 
Five-nm filaments also occur in primitive cell types such as the 
acellular slime mold, Physarum, and in the Acanthamoeba. The filaments 
in both these organisms also exhibit close biochemical and structural 
homology with skeletal-muscle actin (Hatano and Oosawa, 1966; Weihing 
and Korn, 1969). The isolated filament proteins of both these systems 
bind heavy meromyosin (HMM) to form the arrowhead structures character­
istic of muscle actin-heavy meromyosin complexes (Nachmias et al., 1970; 
Pollard e^ al. , 1970; Pollard and Kom, 1971). Furthermore, actin has 
been isolated biochemically from both slime molds and Acanthamoeba, and 
has been shown to be chemically and functionally similar to skeletal 
muscle actin (Pollard e^ , 1970; Weihing and Kom, 1971; Nachmias 
et al., 1970). 
The nature of the evidence indicating that actin exists as micro­
filaments in a variety of nonmuscle systems, and the structural rela­
tionships that connect these microfilaments to movement will be illus­
trated by discussing two examples of nonmuscle actins in some detail. 
These two examples are the brush borders of intestinal epithelial cells, 
and the acrosomal processes of Thyone and As terias sperm. 
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As is well known, the apical surface of intestinal epithelial cells 
contains the so-called brush-border, which consists of tightly packed 
microvilli. A core of five-nm filaments consisting of approximately 20-
30 filaments per core is present in each microvillus. These filaments 
insert into dense material at the tip of the microvillus, and they extend 
the entire length of the microvillus to terminate basally in the terminal 
web. Addition of subfragment 1 prepared from skeletal muscle myosin to 
these filament clusters in the microvilli results in formation of the 
characteristic, unidirectional, arrowhead complexes identical to those 
seen with muscle actin (personal communication, L. Tilney and M. Mooseker, 
University of Pennsylvania, 1975). These arrowhead complexes point away 
from the dense tips of the microvilli; this suggests that these dense 
tips are located on the same "end" of the actin filaments as the Z-disk 
is in skeletal muscle. 
Tilney and Cardell (1970) have shown that application of hydrostatic 
pressure to segments of the small intestine of the salamander causes a 
tresiendcuc reduction fn number of microvilli, and a loss of the terminal 
web. When the pressure is released, the microvilli and terminal web 
reappear. In the earliest stages of reformation, foci of dense material 
associate with the apical membrane, and it is from this material that 
microfilaments appear. 
The acrosomal processes of Thyone and Asterias sperm also possess 
a similar bundle of parallel microfilaments. These processes, which in 
Thyone sperm measure up to 90 ym in length, are formed from the acrosomal 
region when the sperm contacts the egg and can be generated in less than 
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30 seconds. Water extracts of acetone powders prepared from Asterias 
sperm contain a protein that binds rabbit skeletal muscle myosin and 
forms a complex whose viscosity is reduced by ATP in a way identical 
to the effect of ATP on skeletal muscle actomyosin. This protein also 
has a molecular weight identical to that of actin. This sperm actin 
was localized in the microfilaments in the acrosomal process by: (a) 
heavy meromyosin binding situ; (b) SDS-polyacrylamide gel electro­
phoresis of the isolated acrosomal processes and comparison to similar 
polyacrylamide gels of sperm flagella; the acrosomal processes con­
tained a band corresponding to the molecular weight of actin but the 
flagella did not; and (c) SDS-polyacrylamide gel electrophoresis of the 
extract from isolated acrosomal caps which contained a band corresponding 
to actin (Tilney e^ al., 1973). 
It is interesting to speculate about control mechanisms for regu­
lating contraction in these cells which contain actin filaments but have 
no demonstrable myosin filaments. One possible control mechanism is 
uy uitc ciCi.oowiiictJ. yiwccooco wi. Liiy Quo opci.iu uiiou woo juov 
cussed, by the "contractile ring" in the cleavage furrow of dividing 
cells, and by the microfilaments in blood platelets. In all these sys­
tems, actin-containing microfilaments seem to form very rapidly in response 
to some specific stimulus. In the acrosomal process, a bundle of actin 
filaments 90 ym long forms within a few seconds after the sperm contacts 
the egg. The "contractile ring" in the cleavage furrow of dividing cells 
forms, contracts, and then disappears in a relatively short period of 
time (Schroeder, 1972). Similarly in platelets, actin filaments do not 
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appear until platelets have aggregated (Zucker-Franklin, 1969). In all 
these examples, it seems that globular actin monomers are poised on the 
verge of polymerization into filaments but are restrained by unknown 
factors until their polymerization is triggered in response to a specific 
stimulus. Recognition that the presence of mitotic apparatus, or of an 
egg, or of platelet aggregation somehow induces actin polymerization, 
however, has not revealed the molecular events regulating such polymer­
ization. 
2+ 
Despite the abundant evidence that Ca and the troponin-tropomyosin 
system regulates the initiation and cessation of contraction in skeletal 
2+ 
and cardiac muscle, several lines of evidence suggest that the Ca -
troponin-tropomyosin regulatory system is a specialization of the highly 
ordered, vertebrate striated muscle system, and that other control systems 
must be involved in the less highly ordered contractile system found in 
smooth muscle and nonmuscle cells. First, despite intensive efforts, no 
troponin has been found in smooth muscle (Bremel e^ , 1974; Driska and 
Hartshorne. 1974). even though contraction in this muscle seems regulated 
2+ 
by Ca . Second, Kendrick-Jones et^ (1970) have shown that although 
2+ 
molluscan striated muscle is regulated by Ca , it contains no troponin. 
2+ 2+ 
Rather, molluscan myosin binds Ca , and this binding of Ca regulates 
the interaction of molluscan myosin with actin. Although this myosin 
control may also exist in other relatively myosin-rich motile systems, 
such as smooth muscle, it has been impossible to discover such control 
with purified myosins from Acanthoamoebae, human platelets, and granulocytes 
(Pollard and Korn, 1973a,b; Stossel and Pollard, 1973; Adelstein and Conti, 
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1973, respectively). Either these myosins lack this regulatory activity, 
or the regulatory activity was lost during purification of the myosins, 
or the assay conditions were inappropriate to detect a regulatory activity 
peculiar to these systems. Third, the presence of a cofactor protein in 
Ac an th 0 amo eb ae shows that in some cells, proteins different from either 
troponin or nyosin may control the interaction of actin and myosin. In 
many of the nonmuscle systems, no protein that can be readily identified 
as myosin has yet been found. Consequently, it would seem necessary that 
motility in such systems be controlled by a factor or factors that exert 
their effects through actin, and that are not troponin because no troponin 
has been found in these systems. It is likely, then, that factors be-
2+ 
sides Ca -sensitive control proteins must operate to regulate cell motility. 
In striated muscle, the very regular array of actin and myosin filaments 
keeps actin and myosin close together in a favorable geometric relation-
2+ 
ship for interaction, so that a simple Ca -controlled block to actin-
myosin interaction is sufficient to regulate the system. In cells with 
less organized contractile elements; presumably consisting largely of 
actin filaments, other kinds of controls, perhaps involving spatial and 
temporal assembly of the contractile elements, are necessary. 
Finally, one of the important questions concerning contraction in 
nonmuscle cells is, "do these actin-containing cells possess myosin, 
tropomyosin, and other 'typical' myofibrillar proteins, or does actin 
cause contraction in these nonmuscle model systems by interaction with 
proteins peculiar to each of these cells?" Because it is impossible to 
investigate all nonmuscle systems that have been shown to contain actin, 
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I have chosen to study protein composition and the possible locations 
of a-actinin in fibroblasts, brush borders of epithelial cells, and the 
acrosomal process of Limulus sperm. 
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MATERIALS AND METHODS 
For convenience and clarity, this section will be divided into 
three broad categories with appropriate subheadings under each cate­
gory. These three main categories are: 1) biochemical procedures; 
2) immunological procedures; and 3) morphological procedures. 
Biochemical Procedures 
This section describes preparation of myofibrils, IZI brushes, 
and other tissue preparations used in this thesis. In addition, gen­
eral procedures used for electrophoresis and ATPase determination 
will be included in this section. Subheadings in this section are: 
1) preparation of tissues; 2) polyacrylamide gel electrophoresis in 
SDS; 3) polyacrylamide gel electrophoresis in urea; 4) quantitation 
of polyacrylamide gels, and 5) ATPase assays of myofibrils. 
Preparation of tissues 
Preparation of myofibrils and IZI brushes Myofibrils were 
prepared from porcine skeletal muscle by using the procedure shown 
in Figure 5. ITiis procedure differs from many procedures used to pre­
pare myofibrils because it includes two washes in 1% Triton X-100 
(Steps V and VI in Figure 5) to remove membranes that normally adhere 
tenaciously to myofibrils from skeletal muscle. The purified, membrane-
free myofibrils were then used to prepare porcine skeletal IZI brushes 
according to the procedure shown in Figure 6. Aliquots of the IZI 
brush preparation (Step XXII, Figure 6) were treated with 1 M KCl 
Figure 5. Flow sheet showing preparation of purified myofibrils by 
using differential centrifugation 
(All solution volumes are based on wet weight of ground 
tissue used in Step I.) 
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Ground or minced muscle 
1) 
Supernatant 
(contains CAF and 
other sarcoplasmic 
proteins) 
II. 
Supernatant 
(discard) 
1 
Supernatant 
(discard) 
I 
Supernatant 
(discard) 
2) 
Suspend in 10 volumes (v/w) 
100 mM KCl, 20 mM K-phosphate, 
pH 6.8, 2 mM MgCl2, 2 mM EDTA, 
1 mM NaNg (standard salt solu­
tion) by homogenizing for 10 
sec. in Waring Blender. 
Centrifuge at 1000 x g_ for 
10 min, 
Sediment 
1) Suspend in 6 volumes (v/w) of 
standard salt solution by homo­
genizing for 10 sec. in Waring 
Blender. 
2)  Centrifuge at 1000 x g_ 
10 min. 
ax 
for 
III. Sediment 
1) 
2)  
3) 
Suspend in 8 volumes (v/w) of 
standard salt solution by homo­
genizing for 10 sec. in Waring 
Blender. 
Pass suspension through household 
nylon net strainer. 
Centrifuge at 1000 x g 
10 min. 
tax 
for 
IV. Sediment 
1) Suspend in 8 volumes (v/w) of 
standard salt solution by homo­
genizing for 10 sec. in Waring 
Blender. 
2) Pass suspension through household 
nylon net strainer. 
3) Centrifuge at 1000 x for 
10 min. 
V. Sediment 
1) Suspend in 6 volumes (v/w) of 
standard salt solution plus 1% 
(v/w) Triton X-100 by homogenizing 
for 10 sec. in "Waring Blender. 
2) Centrifuge at 1500 x e for 
10 min. 
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Supernatant 
(discard) 
VI. Sediment 
1) Suspend in 6 volumes (v/w) of 
standard salt solution plus 1% 
(v/w) Triton X-100 by homogenizing 
for 10 sec, in Waring Blender. 
2) Centrifuge at 1500 x g for 
10 min. 
Supernatant 
(discard) 
VII. Sediment 
1) Suspend in 8 volumes (v/w) of 
standard salt solution by 
stirring vigorously with poly­
ethylene stirring rod. 
2) Centrifuge at 1500 x for 
10 min. 
Supernatant 
(discard) 
1 
VIII to XI. Sediment 
Supernatant 
(discard) 
1) Repeat Step VII four times, but 
suspending in 8 volumes (v/w) of 
100 mM KCl instead of standard 
salt solution; centrifuge at 
1500 X after each suspension. 
1 
XII. Sediment 
1) Suspend in 8 volumes (v/w) of 
100 mM KCl by homogenizing for 
3 sec. in Waring Blender. 
2) Centrifuge at 1500 x g for 
10 min. 
Supernatant; 
(discard) 1) Suspend in 8 volumes (v/w) of 
100 mM KCl by homogenizing for 
3 sec. in Waring Blender. 
2) Centrifuge at 1500 x g 
10 min. 
lax 
for 
Supernatant XIV. Sediment 
(disc: 'ri") 1) Suspend in 2 volumes ^v/w; of 
100 mM KCl by homogenizing for 
3 sec. in Waring Blender. 
2) Do protein analysis of suspension. 
Figure 5. (Continued) XV. Purified myofibrils (free of membranes) 
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(Steps XXII through XXXIV, Figure 6) or with deionized, distilled water 
(Steps XXII through XXX, Figure 6) to produce KCl-washed IZI brushes, 
and H^O-washed IZI brushes. It is very advantageous to have membrane-
free myofibrils for preparation of IZI brushes because all membranes 
contaminating myofibrils remain with the IZI brush preparation which 
contains only one-half as much myofibrillar protein as the original 
myofibrils. As indicated in Figure 6, the supernatants from the 1 M 
KCl or H^O washes of IZI brushes were saved, and were subsequently 
subjected to analysis by SDS-polyacrylamide gel electrophoresis. In 
addition, aliquots of purified porcine skeletal myofibrils, IZI brushes, 
KCl-washed IZI brushes, and H^O-washed IZI brushes were taken for elec­
tron microscope examination, antibody binding studies and polyacrylamide 
gel electrophoresis in SDS and in urea. 
CAF-treatment of myofibrils and IZI brushes Aliquots of myo­
fibrils, IZI brushes, KCl-washed IZI brushes, and H^O-washed IZI brushes 
were treated with CAF. a recently purified proteolytic enzyme (Dayton £t 
al., 1976a,b) that selectively removes Z disks from myofibrils (Busch 
£t , 1972; Dayton et sd., 1975). CAF treatment was done for 1 hour 
at 25°C in 100 mM KCl, 100 mM Tris-Ac, pH 7.5, 5 mM Ca^"^, 10 mM MCE, 
0.1 mM EDTA, 5 mg protein/ml, 0.025 mg of purified CAF/ml, and a final 
volume of 2 ml. Control samples were treated identically but contained 
2+ 
10 mM EDTA in place of 5 mM Ca . After one hour, EDTA was added to a 
final concentration of 10 mM to stop the reaction, and treated myofibrils 
of IZI brushes were sedimented at 1500 x for 20 minutes after each 
wash. Aliquots of the CAF-treated and control samples were then incubated 
Figure 6. Flow sheet showing preparation of IZI brushes from purified 
myofibrils and extraction of IZI brushes with 1 M KCl and 
H2O 
(All solution volumes are based on wet weight of ground 
muscle tissue used to prepare the purified myofibrils that 
constitute the starting material for this preparation.) 
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Purified myofibrils free of membranes (XV from Fig. 5) 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) i 
1) Sediment at 2000 x for 20 min 
1 
XVI. Sediment 
1) Suspend in 2 volumes (v/w of ori­
ginal muscle weight) of 0.1 M K-
pyrophosphate, 10 mM MgCl2, pH 7.2, 
by stirring for 45 min 
2) Centrifuge at 2000 x for 20 min 
XVII. Sediment 
1) Suspend in 2 volumes (v/w) of 0.1 M 
K-pyrophosphate, 10 mM MgCl2, pH 
7.2, by stirring for 45 min 
2) Centrifuge at 2000 x for 20 min 
XVIII. Sediment 
1) Suspend in 2 volumes (v/w) of 0.1 M 
K-pyrophosphate, 10 mM MgCl2, pH 
7.2, by stirring for 3 hours 
2) Centrifuge at 2000 x for 20 min 
XIX. Sediment 
1) Suspend in 2 volumes (v/w) of 0.1 M 
K-pyrophosphate, 10 mM MgCl2, pH 
7.8, by stirring for 12-16 hours 
(overnight) 
2) Centrifuge at 2000 x g for 20 min 
—max 
1 
XX. Sediment 
1) Suspend in 3 volumes (v/w of ori­
ginal muscle weight) of 100 mM KCl, 
5 mM EDTA by stirring thoroughly 
with a polyethylene stirring rod 
2) Centrifuge at 2000 x 
An ax 
for 20 min 
XXI. Sediment 
1) Suspend in 3 volumes (v/w) of 100 mM 
KCl, 5 mM EDTA by stirring thoroughly 
with a polyethylene stirring rod 
2) Centrifuge at 2000 x for 20 min 
XXII. Sediment 
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1) Suspend in 2 vol. 
(v/w) of IM KCl by 
stirring for 60 
min 
Centrifuge at 2000 
X Smax for 2° min 
2 )  
Sediment 
mm 
Supernatant XXXI. 
(save) 
Sediment 
Supernatant XXXIII 
(combine with I 
supernatants 
Sediment^ 
fZOui Steps 
XXII & XXXI 
and concen­
trate or salt 
out for SDS-
polyacrylamide 
gels) 
1) Suspend in 100 mM 
KCl, 5 mM JNaN3 by 
stirring with 
a polyethylene 
stirring rod 
2) Co protein 
analysis 
XXXIV. KCl-washed 
IZI brushes 
Figure 6. (Continued) 
Supernatant XXXII. 
(save) j 
I 1) Suspend in 2 vol. 
I (v/w) of IM KCl by 
! stirring for 120 
2) Centrifuge at 2000 
X for 20 min 
1) Suspend in 2 vol. 
(v/w) of IM KCl 
and alla\T to sit 
overnight without 
stirring 
2) Centrifuge at 2000 
X for 20 min 
1) Suspend in 3 vol. 
(v/w) of 1 mM 
EDTA by stirring 
thoroughly with 
a polyethylene 
stirring rod 
2) Centrifuge at 2000 
X 20 min 
Supernatant 
(discard) 
XXVI. Sediment 
1) Suspend in 3 vol. 
(v/w) of deio-
nized, distilled 
H2O by stirring 
for 60 min 
2) Centrifuge at 2000 
^ Anax 20 min 
XXVII. Sediment 
1) Suspend in 3 vol. 
(v/w) of deio-
nized, distilled 
H2O by stirring 
for 60 min 
Centrifuge at 2000 
^ W 20 min 
Supernatant XXVIII. Sediment 
(save) 1) Suspend in 3 vol. 
(v/w) of deio-
nized, distilled 
KoO and allow to 
sit overnight 
without stirring 
2) Centrifuge at 2000 
X for 20 min 
Supernatant 
(combine with 
supernatants 
from Steps 
XXVI & XXVII 
and concen­
trate or salt 
out for SDS-
polyacrylamide 
gels) 
XXIX. Sediment 
1) Suspend in 2 vol. 
of 100 mM KCl, 
5 mM NaNj by 
stirring with a 
polyethylene 
stirring rod 
XXX. H20-washed 
IZI brushes 
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Supernatant 
(discard) 
Supernatant 
(discard) 
1) Suspend in 3 volumes 
(v/w) of 100 mM KCl 
by stirring thoroughly 
with a polyethylene 
stirring rod 
2) Centrifuge at 2000 x ^  
for 20 min 
ax 
XXIII. Sediment 
1) Suspend in 3 volumes 
(v/w) of 100 mM KCl 
by stirring thoroughly 
with a polyethylene 
stirring rod 
2) Centrifuge at 2000 x a 
for 20 min 
XXIV. Sediment 
1) Suspend in 2 volumes 
(v/w) of 100 mM KCl, 
5 mM NaNg by stirring 
thoroughly with a poly­
ethylene stirring rod 
2) Do protein analysis 
XXV. Purified IZI brushes 
Figure 6. (Continued) 
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with antibodies and other aliquots were prepared for electron micro­
scopy. In addition, aliquots were taken for SDS and urea-polyaeryla-
mide gel electrophoresis. 
Dense body preparation Dense bodies from chicken gizzard 
muscle were prepared according to the method of Cooke and Chase (1971). 
Aliquots of dense body preparations were extracted with 2 mM Tris, 
1 mM DTT, pH 7.6, for 48 hours at 2°C. Samples of dense bodies before 
and after extraction and of the supernatant resulting from the 2 mM 
Tris extraction were taken for SDS-polyacrylamide gel electrophoresis. 
In addition, samples of the dense body preparations before and after 
the 2 mM Tris extraction were taken for electron microscope examina­
tion. 
Brush borders from intestinal epithelia Brush borders from 
porcine intestinal epithelial cells were isolated by the method of 
Forstner e;t (1968). Briefly, their procedure involves removal 
of a portion of porcine small intestine as soon as possible after 
death. The excised intestine is placed immediately in ice, and after 
10 minutes is irrigated with cold 0.9% NaCl, is everted, and the 
mucosa is removed by scraping the internal surface of the intestine 
with the edge of a glass slide. The mucosa is weighed, placed in 
75 ml of 5 mM EDTA adjusted to pH 7.4 with NaOH (EDTA buffer), and 
homogenized in a Waring blender at 11,000 rpm for 25 seconds. The 
homogenate is centrifuged for 10 min at 450 x g , and the sedimented 
"^ ax 
mucosal cells are washed three times by suspending them in 5 ml of 
EDTA buffer by stirring with a polyethylene stirring rod and centrifuging 
73 
at 450 X B for 10 min each time. The washed sediment of this 
•^ax 
"crude" brush border fraction is then suspended in 2 volumes of 90 mM 
NaCl, 0.8 mM EDTA, pH 7.4, and is mixed thoroughly. This suspension 
is passed through a glass wool pad that has been previously washed 
with 90 mM NaCl, 0.8 mM EDTA, pH 7.4, to remove aggregated particles. 
The pad is washed with 20 ml of additional buffer (90 mM NaCl, 0.8 mM 
EDTA, pH 7.4), and the filtrate is centrifuged at 450 x for 10 
min. The sediraented brush borders are washed one additional time 
with 2.5 volumes of 2.5 mM EDTA, and then are pelleted by centrifuga-
tion at 450 x for 10 min. This pellet is termed "purified" 
brush borders, and contains the microvilli complete with fibrillar 
core, terminal web, and cell fragments. Aliquots of the "purified" 
brush border preparation were taken for both light and electron micro­
scopy, and Triton X-100 was added to the remaining sample to a final 
concentration of 2%. The Triton X-lOO-containing solution was then 
homogenized for 10 sec in a Waring blender at 11,000 rpm, was allowed 
CO stand at 2°C for 1 hour, and was centrifuged at 2,075 x g for 
30 min. This step was repeated. The sedimented, membrane-free brush 
borders were washed four times with 100 mM NaCl to remove excess Triton 
X-100 and were then washed two additional times with 50 mM Na-phosphate, 
pH 7.2, to prepare them for polyacrylamide gel electrophoresis in SDS. 
Aliquots of the purified, membrane-free brush borders in 50 mM Na-
phosphate, pH 7.2, were taken for antibody reaction, for electron micro­
scopy, and for polyacrylamide gel electrophoresis in the presence of 
SDS. 
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Fibroblast cultures Fibroblasts were cultured by suspending 
skin from three 11-day chick embryos in 10.0 ml of Earle's balanced 
salt solution (137 mM NaCl, 2.7 mM KCl, 1 mM CaCl2» 1 mM MgClg, 0.15 
mM NaH^PO^, 1.37 mM NaliPO^, 6 mM NaHCO^, 5.5 mM glucose) and adding 
0.6 ml of 0.5% trypsin in normal saline (Grand Island Biological 
Company, Grand Island, New York) and 0.2% EDTA. This mixture was 
vigorously pipetted in and out of a 10 ml serological pipette to 
obtain a single cell suspension. This single cell suspension was 
immediately centrifuged at 1,000 x for 10 min. The pellet is 
then resuspended in 9 ml of complete medium by gentle agitation (com­
plete medium contains 85% Eagle's minimum essential medium, 10% 
horse serum, 5% chicken embryo extract, 2.5 yg/ml Fungizone, 50 units/ml 
penicillin, and 50 pg Streptomycin/ml; both complete medium and minimum 
essential medium can be obtained from Grand Island Biological Company, 
Grand Island, New York). This suspension is passed through a Swinney 
filter, and 3 ml aliquots of the suspension are placed in 15 cm plastic 
pctri dishes that contain 12 ml of complete medium^ The fibrnhTasr 
cultures were passaged or recultured five times to insure complete re­
moval of any myoblasts that may have contaminated the early cultures. 
Cells chosen for biochemical analysis were rinsed twice with 
Earle's balanced salt solution at 37°C and were then harvested by 
scraping the dishes with a rubber policeman. Cells from ten 15-cm 
dishes were pooled, were extracted with 5 volumes of 0.1 M Na-phosphate, 
pH 7.4, for 4 hours at 0°C, and were centrifuged at 14,000 x for 
30 rain. The sedimented material was re-extracted overnight in the same 
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solution at 0°C, and the unsolubilized material was sedimented at 
14,000 X for 30 min. This sediment was then extracted in 2 mM 
Tris, 1 mM DTT, pH 7.6, for 24 hours at 0°C. The unextracted material 
was sedimented at 10,000 x for 30 min, and the supernatant was 
salted out at 0°C between 0 and 70% ammonium sulfate saturation. The 
ammonium sulfate precipitate was washed twice with 100 mM NaCl, and 
was then solubilized in 1% SDS, 10 mM Na-phosphate, pH 7.0, for SDS 
polyacrylamide gel electrophoresis. Fibroblasts chosen for electron 
microscopy and antibody binding experiments were grown on coverslips. 
Studies on Z-disk development in Rana pipiens tadpole Kelly 
(1969) has shown that newt Z disks ostensibly accumulate matrix or 
amorphous material with increasing age, and it was evident that Z-
disks in tail myotomes of the 3-day (post-gastrulation) Rana pipiens 
tadpole display much less amorphous material than Z-disks in the 
sartorius muscle of the adult frog (Schollmeyer, unpublished results). 
Existence of a Z-disk system containing Z-filaments but little amor­
phous material that would gradually evolve into a Z-disk containing 
both Z-filaments and amorphous material would obviously make it pos­
sible by analysis of antibody-binding characteristics and by measure­
ment of myofibrillar protein content before and after accumulation of 
the amorphous component to determine protein composition of the amor­
phous component in Z-disks. Consequently, a thorough study was done 
on the ultrastructure, ability to bind anti-a-actinin and anti-tropo-
myosin, and protein composition of myofibrils prepared from tadpoles 
at different stages in development. These results were then carefully 
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compared to the results of similar studies done on frog skeletal muscle 
myofibrils. 
Tails of 3,7,14, and 21-day (post-gastrulation) tadpoles (obtained 
from Amphibian Facility, Ann Arbor, Michigan) were skinned, and 
myofibrils were prepared from the skinned tails by using the pro­
cedure shown in Figure 5. Myofibrils were also prepared from adult 
Rana pipiens sartorius muscle by using the same procedure. Aliquots 
of purified myofibrils from each of the tadpole age groups and from 
adult frog sartorius muscle were taken for ultrastructure analysis, 
assay of ability to bind anti-a-actinin and anti-tropomyosin, poly-
acrylamide gel electrophoresis in SDS and urea, and measurement of 
ATPase activity. In addition, entire tails representative of each 
tadpole age-group were excised, skinned, and processed as intact samples 
for ultrastructural analysis and for assay of ability to bind anti-a-
actinin and anti-troporayosin. 
Polyacrylamide gel electrophoresis in SDS 
Polyacrylamide gel electrophoresis in the presence of SDS was done 
essentially according to the method of Weber and Osborn (1969). Proteins 
that were already in solution (usually in 1 mM KHCO^) were diluted to a 
concentration of 1.5 mg/ml by addition of the same solvent in which they 
were dissolved. The only restriction on use of solubilized proteins was 
that the solvent could not contain potassium because the potassium com­
plex of SDS is insoluble. Fifty yl of a tracking dye solution containing 
1.33 ml of 14.26 M 2-mercaptoethanol; 0.30 ml of 0.4% bromophenol blue; 
1.64 ml of a 13.1% SDS, 150 mM sodium phosphate, pH 7.0, solution; and 
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0.3 ml of glycerol was added to 100 yl of the diluted protein solution 
(1.5 mg/ml), and this mixture was placed in a boiling water bath for 
10 min. After cooling, an aliquot of this mixture (10 to 40 yl) was 
applied directly to the polyacrylamide gel to give loads of 10 to 40 
pg per gel. 
Insoluble material or material not already in solution (such as 
myofibrils, IZI brushes, or KCl- or H^O-washed IZI brushes) was sedi-
raented at 1500 x for 10 min, and 10% SDS, 100 mM Na-phosphate, 
pH 7.0; 1 M 2-mercaptoethanol; and H^O were added to the sediment to 
give final concentrations of 1% SDS, 10 mM Na-phosphate, pH 7.0, 0.15 M 
2-mercaptoethanol at protein concentrations of approximately 2.0 to 
2.5 mg/ml. This suspension was mixed thoroughly and was placed in a 
boiling water bath for 30 min with frequent mixing during the 30 min 
incubation. The suspersion was centrifuged at 25°C and 1500 x 
for 20 min immediately after removal from the water bath and any small, 
undissolved sediment was discarded. The nature of this sediment was 
not investigated; but it probably consists, at least in part, of highly 
cross-linked collagen fibers that are insoluble even in 1% SDS. The 
clarified supernatant was adjusted to a protein content of 1.5 mg/ml, 
and 100 ul of this adjusted supernatant was added to 50 yl of tracking 
dye solution as described in the previous paragraph. The remainder of 
the procedure was done exactly as described for protein already in 
solution. Polyacrylamide gels were 8 cm long, and electrophoresis was 
done at 6 to 8 ma/gel until the tracking dye had migrated within 1 to 
2 cm of the end of the gel. Both upper and lower electrophoresis tank 
buffers were 0.1% SDS, 100 mM Na-phosphate, pH 7.0. After electrophoresis 
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the distance of tracking dye migration was measured to the nearest 
0.5 mm, and the gels were stained for 4 to 16 hours in 0.1% Coomassie 
blue dissolved in a 50% methanol, 7% acetic acid, 43% H^O mixture. 
No appreciable difference in staining intensity was noted with the 
4 to 16 hour staining interval. Gels were destained electrophore-
tically for 15 to 30 min in a destaining solution containing 5% 
methanol, 7.5% acetic acid and 87.5% H^O, and were then placed in 
this same destaining solution. This solution was changed several 
times over the course of one week as the gels destained slowly. 
Polyacrylamide gel electrophoresis in urea 
Polyacrylamide gel electrophoresis in the presence of urea was done 
according to Maurer's method (Maurer, 1971) as modified by Zeece (Iowa 
State University, unpublished results). Samples of IZI brushes, KCl-
or H^O-washed IZI brushes and purified myofibrillar proteins were ad­
justed to a final concentration of 1.0 mg/ml in a volume of 2.0 ml, and 
0.014 ml of 100% 2-uiei'captoeLhauul (14.26 M; was added Lo bring the final 
2-mercaptoethanol concentration to 0.1 M. Solid or a 10 M stock urea 
solution was added to bring the final urea concentration to 8 M. This 
8 M urea, 0.1 M 2-mercaptoethanol suspension (or solution when purified 
myofibrillar proteins were being treated) was then placed in a boiling 
water bath for 15 min to insure complete dissolution and dissociation of 
the proteins to their subunits. These protein subunits were alkylated 
by adding 2.0 M sodium iodoacetate slowly to a final concentration of 
0.2 M. The pH of the solution was adjusted to between 7 and 8 with 1 N 
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NaOH, and alkylation was allowed to proceed for 1 to 2 hours at 60°C; 
pH of the solution was maintained at 7 to 8 during alkylation by adding 
IN NaOH as necessary. The alkylated protein was dialyzed overnight 
against 200 volumes of 8.0 M urea, 20% glycerol, and the pH was ad­
justed to 6.9 by addition of a very small amount of 1 N HCl. The final 
volume of the alkylated protein was then adjusted to 2.0 ml by adding 
glycerol and one drop of 0.4% bromophenol blue tracking dye. 
ATPase determinations 
Assay of ATPase activity of tadpole and frog myofibrils was done 
according to the procedure of Goll and Robson (1966). All assays were 
conducted at 25°C, and the inorganic phosphate released was measured by 
the method of Taussky and Shorr (1953). The electrolyte medium will be 
specified in the figure legends for the individual experiments. 
Immunological Procedures 
This section includes description of the procedures used to pro­
duce protein antigens of the highest possible purity, of the methods 
used to produce and harvest the desired antibody fractions, of the 
procedures used to test for the presence of these antibodies in serum 
from immunized rabbits, and of the procedures used to purify the desired 
antibodies and to conjugate these purified antibodies to fluorescein 
isothiocyanate or peroxidase. The subheadings under this immunological 
category are: 1) preparation of antigens; 2) immunization procedures 
and collection of antisera; 3) quantitative precipitin assays; 4) 
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immunoplates; 5) purification of IgG fractions; 6) production of Fab 
fragments by papain digestion of IgG; 7) antibody conjugation with 
fluorescein isothiocyanate; 8) antibody conjugation with peroxidase; 
and 10) Immunoelectrophoresis of purified antibodies. 
Preparation of antigens 
Porcine skeletal and bovine cardiac a-actinin was extracted and 
purified according to the procedures of Arakawa _et (1970) and Robson 
_et _al. (1970). Although the same general principles used to purify 
skeletal and cardiac a-actinin are also applicable to purification of 
a-actinin from chicken gizzards, several procedural modifications are 
required because of the special properties of smooth muscle contractile 
protein. A complete outline of the procedure used to prepare purified 
chicken gizzard a-actinin (personal communication, R. M. Robson, Iowa 
State University, 1976) is shown in Figures 7 and 8. Tropomyosin from 
porcine skeletal muscle was prepared according to the procedure of Arakawa 
_e^ (1970). Chicken gizzard tropomyosin could be prepared similarly 
except that the crude P3g_y5 tropomyosin-troponin fraction was obtained as 
described in Figure 8. In most instances, smooth muscle tropomyosin was 
made from an ethanol-ether powder as described by Greaser and Gergely 
(1971). SDS-polyacrylamide gels of a-actinin chromatographically puri­
fied by the procedure described in this paragraph and run at very hca'-^y 
protein loads to facilitate detection of even trace amounts of contami­
nants showed that these a-actinins all possessed very small amounts 
of polypeptide chains in addition to the principal 100,000 dalton 
a-actinin polypeptide (Figure 9). Production of antibodies that bind to 
Figure 7. Flow sheet showing preparation from chicken gizzard smooth 
muscle of contractile filaments swollen at low ionic strength 
and extraction of a-actinin from these swollen filaments 
(All solution volumes are based on wet weight of ground 
chicken gizzard tissue used in Step I.) 
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Preparation of smooth muscle homogenate 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) 
Sunernatant 
(discard) 
Muscle tissue 
1) Coarsely grind chicken gizzard, 
2) Suspend in 5-7 vol (v/w) 0.25M 
sucrose, 1 mM EDTA, 0.05 M Tris-
acetate, 1 mM NaN^, pH 8.25, by 
using a Waring blender for different 
times and speeds as given below 
i) Homogenize for 10 sec at 
12,000 rpm and wait for 15 sec 
ii) Homogenize for 10 sec at 
14,000 rpm and wait for 15 sec 
iii) Homogenize for 10 sec at 
14,000 rpm and wait for 15 sec 
iv) Homogenize for 10 sec at 
18,000 rpm 
3) Centrifuge at 13,000 x for 20 min 
II Sediment 
1) Resuspend the tissue in 5 vol (v/w) 
of the original extraction media by 
using a stirring rod 
2) Centrifuge at 13,000 x g_ for 
15 min 
III Sediment 
1) Resuspend in 5 vol (v/w) of 0.05M 
IT"—,*,., TTm 1 . .Hf T»T>rn * .tt -» /- f J. JL J J, liii'i pn é •Qj oy 
using a Waring blender for 10 sec 
at 18,000 rpm. 
2) Centrifuge at 11,000 x g 
15 min ax 
for 
IV Sediment 
1) Resuspend in 5 vol (v/w) of 0.05M 
KC1 by using a stirring rod 
2) Centrifuge at 5,000 x g_ for 
12 min 
V Sediment 
1) Resuspend in 5 vol (v/w) of deionized 
distilled H2O by using a stirring rod 
2) Centrifuge at 13,000 x g_ for 
12 min 
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Supernatant 
(discard) 
VI Sediment . , . . , 
1) Resuspend in 5 vol (v/w) of deionized, 
distilled H2O by using a stirring rod 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(save and filter 
through cheesecloth) 
Supernatant 
(save and filter 
through cheesecloth) 
Supernatant 
(Extract A) 
I 
Supernatant 
(Extract B) 
Figure 7. (Continued) 
2) Centrifuge at 13,000 x e 
12 min ^ 
>ax 
for 
Vii SedliiienL 
1) Resuspend in 5 vol (v/w) of deionized, 
distilled H2O by using a Waring 
blender for 10 sec at 12,000 rpm 
2) Centrifuge at 13,000 x g for 
r,r< • "Tiax 
20 mm. 
VIII Sediment 
1) Resuspend in 5 vol (v/w) of deionized, 
distilled H^O by vigorous use of a 
stirring roc 
2) Centrifuge at 13,000 x ^  
20 min 
lax 
for 
IX Sediment 
1) Resuspend in 5 vol (v/w) of deionized, 
distilled H2O by vigorous use of a 
stirring rod 
2) Centrifuge at 13,000 x g for 
30 min 
X Sediment 
1) Add 2-mercaptoethanol to 6 mM final 
concentration 
2) Adjust pH of swollen mass to 8.5 
with 1 M Tris-acetate 
3) He in Waring blender with 
two 30-sec bursts at 15,000 rpm 
4) Store at 2°C for 24-88 hr 
5) Add 1 M Tris-acetate, pH 8.5, to 
a final concentration of 15 mM 
6) Centrifuge at 13,000 x g for 
1 hr 
ax 
XI Sediment 
1) Resuspend in same vol of 15 mM 
Tris-acetate, pH 8.5, as obtained 
in Extract A. 
2) Centrifuge at 13,000 x g_ 
1 hr 
ax 
for 
XII Sediment 
(discard) 
Figure 8. Flow sheet showing preparation of a-actinin and tropomyosin 
from low ionic strength extracts of swollen contractile 
filaments from chicken gizzard smooth muscle 
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I. Combined supernatants from Steps VIII, 
IX, X, and XI, Figure 7 
1) Add 18 gm (NH/^)2SO^/100 ml extract 
and adjust to pH 7.0 with NH^OH 
2) Let stand at 0°C for 15 min 
3) Centrifuge at 14,000 x for 15 min 
1 
Sediment 
1) Dissolve in 10 mM KHCO3, 
5.0 mM MCE 
2) Dialyze against 1 mM KHCO^, 
5 mM MCE for 12 hr, followed 
by dialysis against 1 mM 
KHCO. for 24 hr 
3) Centrifuge at 35,000 rpm 
for 60 min 
Supernatant 
1) Add 31.4 gm (NH.IGSO /LOO 
vol extract. Adjust pH to 
7.0 with NH OH 
2) Let stand at 0°C for 20 
min 
3) Centrifuge at 14,000 x g 
for 20 min 
Sediment 
(discard) 
Supernatant 
'o-so 
a-actinin 
Sediment 
I 
Sediment 
(discard) 
1) Dissolve in 1 mM 
2)  
Supernatant 
(discard) 
KHCO3, 5 mM MCE 
Dialyze against two 
to four changes of 
1 mM KHCO3, 5 mM 
MCE for 16-30 hr 
3) Make 1 M in KCl by 
addition of 3 M KCl 
4) Centrifuge at 35,000 
rpm for 1 hr 
Supernatant 
(P3O-75) 
1) Adjust pH to 4.6 by addition 
of 1 N HCl, maintain at pH 
4.6 at 0°C for 20 min 
2) Centrifuge at 14,000 x e 
for 20 min ax 
Sediment 
1) Dissolve in 2 vol 1 M KCl 
2) Adjust pH to 7.3-7.7 
3) Add 1 N HCl to pH 4.6, 
maintain at pH 4.6 for 20 
min at 0°C 
4) Centrifuge at 14,000 
Supernatant 
(discard) 
,ax 
for 20 min 
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Supernatant 
(discard) 
Supernatant 
1) Add 6 gm (NH^)2S0 /lOO ml 
supernatant and let set for 
60-90 min at 0°C 
2) Centrifuge at 14,000 x g 
C / r . -^ax for 45 ram 
Supernatant 
(discard) 
Sediment 
'3' 
Sediment 
1) Dissolve in 1 mM KHCO , 
5 mM MCE by adjusting 
pH to 7.2-7.7 
2) Dialyze against two to 
four changes of 1 mM KHCO, 
5 mM MCE for 16-30 hr 
3) Adjust protein concentration 
to 5 mg/ml with HO 
4) Add 32 gm (NH^igSO^ and 32.6 
mg potassium carbonate/100 ml 
supernatant and let set for 
20 min at 0°C 
5) Centrifuge at 14,000 x g 
for 20 min ;ax 
—I 
Sediment 
(discard) 
Sediment 
1) Dissolve in 100 mM KCl 
2) Dialyze against four to six 
changes of 100 mM KCl, 1 mM 
KHCO,,, 5 mM MCE for 48-60 hr 
o c r\r\r\ r ^  J/ UCLILI. JLJ-Uge CL LpUl J. U J. 
60 min 
(discard) 
Supernatant 
(purified tropomyosin) 
Figure 8. (Continued) 
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more than one structure in the myofibril by these a-actinins would sug­
gest that the additional polypeptide chains detected on SDS-polyacryla-
mide gels of these a-actinins were contaminating proteins rather than 
degradation products of the 100,000 dalton a-actinin polypeptide. 
Therefore, in an initial series of experiments, tropomyosin and a-actinin 
purified by the procedures described in the preceding paragraph were 
injected into rabbits to produce antibodies. a-Actinin purified by the 
procedure of Robson e^ al. (1970) elicited antibodies that bound to both 
the Z disk and the M-line of skeletal myofibrils. Consequently, a sub­
sequent series of experiments was done in which both a-actinin and tropo­
myosin, purified according to the procedures described earlier in this 
paragraph, were subjected to additional purification with preparative 
electrophoresis in polyacrylamide gels. Two mg of either a-actinin or 
tropomyosin were loaded onto a 7.5% polyacrylamide slab, 10 cm wide, 
and were electrophoresed in 0.065 M Tris-borate buffer at pH 9.0 by 
using a Model 4100 Ortec pulsed current constant power supply and the 
procedure suggested by OtLec for preparative polyacrylamide gel electro­
phoresis (Ortec instruction manual, 4200 electrophoresis system). A thin 
longitudinal strip of gel was removed from both sides of the slab and was 
stained with 0.02% Amido black, 7.5% glacial acetic acid. After de-
staining in 10% acetic acid, the protein bands corresponding to electro­
phoretically purified a-actinin or tropomyosin were located on the stained 
strips, and the position of the same bands of electrophoretically purified 
protein was then ascertained on the remaining unstained gel slab by 
measurement of migration distance. The unstained protein bands were 
excised from the gel slab, were immediately frozen in liquid and were 
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pulverized to a fine slurry by using a mortar and pestle. The total 
slurry obtained from five separate electrophoretic runs on each antigen 
was pooled and stored at -15°C. SDS-polyacrylamide gel electrophoresis 
of the pooled slurries of each protein confirmed that all protein 
antigens purified by preparative polyacrylamide gel electrophoresis 
were completely homogeneous (Figs. 10 and 11). In addition, contam­
inating protein bands were excised from the preparative polyacrylamide 
slabs, were slurried, and were stored at -15°C. These bands were also 
assayed by SDS-polyacrylamide gel electrophoresis to determine the 
nature of the contaminants in the chromatographically purified a-actinin 
(Fig. 9) and ammonium sulfate purified tropomyosin (Fig. 12) . The major 
contaminating polypeptide chain in chromatographically purified a-
actinin had a molecular weight of 42,000 daltons (Fig. 9). Other poly­
peptide chains with molecular weights above 100,000 daltons could also 
be detected in the protein fraction removed from chromatographically 
purified a-actinin by preparative polyacrylamide gel electrophoresis 
(Fig, 9): Although it seems likely that the polypeptide chain wn th a 
molecular weight of 100,000 daltons in the a-actinin-contaminating frac­
tion (Fig. 9) is simply some a-actinin that was placed in the contamin­
ating fraction by cutting very close to the principal a-actinin band in 
preparative polyacrylamide gel electrophoresis or some a-actinin that 
aggregated and did not migrate with the main a-actinin band in prepara­
tive polyacrylamide gel electrophoresis, it is also possible that this 
band is not due to a-actinin but to some 100,000 dalton non-a-actinin 
protein. The principal contaminants removed by preparative polyacrylamide 
Figure 9. SDS-polyacrylamide gel electrophoresis of porcine 
cardiac, chicken gizzard, and porcine skeletal 
a-actinins, and of contaminating proteins removed 
from porcine skeletal a-actinin by preparative 
electrophoresis 
(Protein loads per gel are: porcine cardiac, 60 yg; 
chicken gizzard, 40 yg; porcine skeletal, 36 yg; 
contaminating proteins, 30 yg. All gels were 7%% 
polyacrylamide. Numbers on right side of gels show 
approximate migration distances corresponding to 
molecular weights of 100,000 and 42,000 daltons.) 
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Figure 10. SDS-polyacrylamide gel electrophoresis of electro-
phoretically purified porcine cardiac, chicken gizzard, 
and porcine skeletal a-actinins 
(All gels are 7-1/2% polyacrylamide, and all gels are 
loaded with 25 yg of protein per gel.) 
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Figure 11. SDS-polyacrylamide gel electrophoresis of electro-
phoretically purified porcine cardiac, chicken gizzard, 
and porcine skeletal tropomyosin 
(All gels are 7-1/2% polyacrylamide, and all gels are 
loaded with 33 Mg of protein per gel.) 
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Figure 12. SDS-polyacrylamide gel electrophoresis of contaminating 
proteins removed from porcine cardiac, chicken gizzard, 
and porcine skeletal tropomyosins by preparative poly-
acrylamide electrophoresis 
(All gels are 7-1/2% polyacrylamide and are loaded with 
10 yg of protein per gel. Numbers on left side of gels 
show approximate migration distances corresponding to 
molecular weights of 100,000 and 42,000 daltons.) 
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gel electrophoresis of the different tropomyosins (Fig. 12) seemed to 
have subunit molecular weights near 100,000 daltons and 42,000 daltons. 
Porcine skeletal tropomyosin had some contaminants in the 75,000 to 
100,000 dalton range (Fig. 12). The nature of these contaminants is 
not known. 
Immunization procedures and collection of antisera 
Rabbit anti-a-actinin and anti-tropomyosin were produced by weekly 
injections of 0.3-1.5 mg of protein or gel slurry prepared as described 
in the preceding section, and incorporated in an equal volume of Freund's 
adjuvant (Difco Laboratories Inc., Detroit, Mich.). The popliteal lymph 
node was the site of the initial injection. Subsequent injections were 
made into the subcutaneous tissue of the neck. These subcutaneous in­
jections were given at weekly intervals for a 3-week period. Animals 
were bled at weekly intervals beginning after the third week of injec­
tions, and the sera were tested to determine whether they would precipi­
tate antigen. Sera usually became positive approximately 1 month after 
injections were begun. Whenever level of precipitating antibodies diminished, 
antibody titers of the animals were boosted by injecting antigens in the 
same manner as was done during the original immunization. Three to four 
rabbits were injected with each antigen (porcine skeletal a-actinin and 
tT-nnnmyosin. porcine cardiac a-actinin and tropomyosin, and chicken giz­
zard a-actinin and tropomyosin) and were boosted 2 or 3 times during a 
period of four months. 
Sheep anti-rabbit IgG serum and sheep anti-rabbit Fab fragments 
serum were obtained by immunization with 3 mg of purified antigen (rabbit 
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IgG or Fab fragments from rabbit IgG) in an equal volume of complete 
Freund's adjuvant. Injections in the neck and thigh were repeated each 
week and bleeding was started one week after the fourth injection. 
Quantitative precipitin assays 
The method of Rabat (1961) was used for quantitative precipitin 
assays of antisera produced against a-actinin, tropomyosin, or IgG, with 
the exception that antigens and antisera were dialyzed againsf 0.4 M KCl, 
0.01 M potassium phosphate, pH 7.4, before the assay; this same buffer was 
used to wash the precipitates. Five-tenths ml of serum and between 0.05 
and 0.08 mg of purified antigen protein were used for each analysis. 
After 3 washes with the KCl-phosphate solution, the precipitates were 
dissolved in 0.5 ml of 0.1 M HCl, and optical density of resulting solu­
tion was determined at 278 and 348 nm. Correction was made for small 
amount of light scattering present in some samples by subtracting absor-
bance at 348 nm from that at 278 nra. No correction for antigen content of 
precipitates was made. Results of these assays are given in Table 1. 
Table 1. Quantitative precipitin analysis 
Absorbance of dissolved 
Antigen precipitates at 278 nm 
Porcine cardiac a-actinin (0.08 mg)^ 0.95 
Porcine skeletal a-actinin (0.07 mg) 1.65 
Chicken gizzard a-actinin (0.06 mg) 1.85 
Porcine cardiac tropomyosin (0.07 mg) 1.00 
Porcine skeletal tropomyosin (0.06 mg) 0.90 
Chicken gizzard tropomyosin (0.05 mg) 1.10 
Rabbit X 2-8lobulin (0.07 mg) 1.90 
^Numbers in parentheses represent the amounts of antigen per each 
0.5 ml of serum. 
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Lowey and Steiner (1972) found that the maximal absorbance at 278 nm 
of the dissolved precipitate formed in the reaction of anti-myosin and 
myosin was 0.62. The values obtained for each antigen in Table 1 are 
all well above that value determined for myosin. The data in Table 1 
show that absorbance of the dissolved antigen-antisera precipitates ob­
tained in this study were all greater than 0.62. Hence, all antigens 
used in this study produced high antibody titers when injected according 
to the protocol described in the preceding paragraphs. All localization 
reactions were carried out with antibody preparations that displayed max­
imal precipitating ability. 
Immunoplates 
Gel diffusion was carried out in 1% agar (purified Difco) dissolved 
in 0.4 M KCl, 0.1 M potassium phosphate, pH 7.4; 2.5 ml of the purified 
1% agar solution was pipetted carefully onto a 1" x 3" precleaned micro­
scope slide. Initially, each antigen was tested in two-fold serial dilu­
tions against the various antisera. Relatively high concentrations 
(about 1 mg/ml) of most of these antigens were required to obtain precipitin 
lines. The plates were developed at 4°C for several days. The procedure 
used to stain the immunoplates is described in the section on Immuno­
electrophoresis . 
Purification of IgG fractions 
Sheep or rabbit antisera 120 ml) were brought to 40% ammonium 
sulfate saturation by slow addition of saturated ammonium sulfate at 0°C 
with stirring. After sitting at 0°C for 45 minutes, the precipitate 
was collected by centrifugation at 2800 x e ^ for 10 minutes and was 
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washed three times with cold 40% saturated ammonium sulfate. The 
washed precipitate was dissolved in one-half the original serum volume 
of 0.0175 M sodium phosphate, pH 6.3. After dialysis against the 
same buffer, the protein was applied to a 2.5 x 25 cm DE-52 DEAE-
cellulose (H. Reeve Angel and Co., Inc., Clifton, New Jersey) column 
equilibrated with 0.0175 M sodium phosphate, pH 6.3, The column was 
then eluted with 0.5 M NaCl, 0.0175 M sodium phosphate, pH 6.3. The 
IgG fraction (60% of the applied absorbance units) was recovered in 
the void volume (protein between vertical dotted lines, Fig. 13). 
This fraction was concentrated by using ultrafiltration with a Diaflo 
XM-100 filter (Amicon Corporation, Cambridge, Mass.) and was stored 
at -15°C. Immunoelectrophoresis against anti-whole rabbit serum was 
used to test purity of the IgG fraction. 
Production of Fab fragments by papain digestion of IgG 
Rabbit IgG, purified as described in the preceding section, was 
treated with papain (1.5 mg papain to 150 mg purified IgG) according 
to the method of Porter (1959). The papain digests (150 mg protein 
total) of rabbit anti-a-actinin, rabbit antitropomyosin, or sheep 
anti-rabbit IgG fractions were dialyzed against 0.1 M sodium acetate, 
pH 5.5, overnight and were then loaded onto a CM-52-carboxymethyl 
cellulose (H= Reeve Angel and Co., Inc., Clifton, New Jersey) column 
in this same buffer. Approximately 200 ml of this buffer was used 
to wash the protein into the column bed, and a 0.1 M to 0.9 M sodium 
acetate, pH 5.5, continuous gradient was commenced. Fractions I and 
II (Fig. 14) are the Fab fragments resulting from papain digestion of 
Figure 13. Electron profile of rabbit IgG from a 2.5 x 25 cm 
DEAE-cellulose column 
(Four hundred mg of a crude IgG portion obtained by 
ammonium sulfate fractionation was applied to the 
column ; and the column was eluted with 0.5 M NaCl 
in 0.0175 M sodium phosphate buffer, pH 8.0. Flow 
rate was 16 ml/hr. The Y2~glohulin fraction eluted 
at the void volume of the column in the peak 
between the vertical dotted lines.) 
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Figure 14. Elution profile of papain-treated sheep anti-rabbit 
IgG from a 2.5 x 30 cm CM--cellulose column 
(One-hundred-fifty mg of papain-digested IgG was 
applied to the column in 0.1 M sodium acetate, pH 
5.5. The column was eluted with 200 ml of 0.1 M 
sodium acetate, pH 5.5, followed by a continuous 
gradient consisting of 600 ml each of 0.1 M sodium 
acetate, pH 5.5, and 0.9 M sodium acetate, pll 5.5 
(dotted line). Flow rate was approximately 8.0 
ml/hr. Fr I and Fr II contain FAB fragments but 
only the more highly purified Fr I was used for 
further experiments.) 
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the IgG molecule. Fraction I is the fraction retained because it is 
less likely to be contaminated with undegraded molecules. Fraction 
III contains the Fc part of the IgG molecule and is crystallizable. 
SDS-polyacrylamide electrophoresis was used to assay homogenicity of 
Fab fragments (Fig. 15). The major species in each of the Fab frag­
ments made in this study (Fig. 15) had a subunit molecular weight of 
approximately 52,000 daltons. 
Sheep IgG was digested according to Heimer e^ £l. (1969) modification 
of Porter's method. Basically, this modification provides for the 
production of Fab and Fc fragments by a prolonged (24 hr) incubation 
with papain at pH 7.0. One part of papain to 50 parts immunoglobulin, 
by weight, was used in the digestion. In some instances, Fab fragments 
from sheep IgG were purified on CM-cellulose followed by exclusion 
chromatography. SDS-polyacrylamide gel electrophoresis was used to 
assay purity of all Fab fragments from sheep IgG, whether they had been 
chromatographically purified (Fig. 15) or not. Proteins with molecular 
weights of approximately 50,000-52,000 daltons were present in all Fab 
preparations, although Fab preparations that had not been chromato­
graphically purified contained some polypeptide chains in addition to 
the 52,000 Fab polypeptides. 
Antibody conjugation with fluorescein isothiocyanate 
Fluorescein isothiocyanate was coupled to chromatographically 
purified sheep or rabbit IgG fractions by using the method of Wood e^ al. 
(1965). Approximately 200 mg of chromatographically purified IgG in 
Figure 15. SDS-polyacrylamide gels of Fab fragments before and after 
conjugation with peroxidase and raicroperoxidase 
(All gels are 7.5% polyacrylamide. Protein loads per gel: 
Sh FabP anti-Rb IgG, 20 yg; Sh FabP anti-Rb Fab, 20 us; 
Rb Fab, 50 (ig; Sh Fab Anti-Rb Fab, 50 yg; and Sh Fab^ 
anti-Rb Fab, 50 yg. The approximate migration distances 
of Fab fragments and of Fab fragments covalently conju­
gated with peroxidase are shown at the right side of the 
gels. Molecular weights of the phosphorylase, bovine 
serum albumin, actin, and tropomyosin standards as shown 
at the left side of the gels.) 
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0.15 M NaCl, 0.01 M potassium phosphate buffer was adjusted to pH 9.5 
with 0.1 M NaOH, and 5 mg fluorescein isothiocyanate (powder) was added 
at 0°C with stirring. The pH of the reaction was maintained at 9.0 to 
9.5 for 1 hr at 0°C by adding 0.1 M NaOH as necessary, and the solution 
was then stirred overnight at 4°C without further pH surveillance. The 
following morning, the mixture was diluted 10-fold with 0.01 M sodium 
phosphate, pH 7.2, and was applied to a 2.5 x 25 cm DE-52 DEAE-cellulose 
column equilibrated with 0.01 M sodium phosphate, pH 7.2. The column 
was eluted stepwise with 50 ml portions of 0.03 M, 0.05 M, and 0.1 M 
sodium phosphate, pH 7.2, Most of the protein appeared in the 0.05 M 
and 0.1 M eluates. The absorbance ratio at 280 nm to 495 nm in these 
two fractions was approximately 2:1, 0.05 M fraction to 0.1 M fraction. 
Protein eluted by 0.05 M sodium phosphate, pH 7.2, was pooled, was 
frozen at -15°C, and subsequently was used for fluorescence microscope 
localization of antibody binding. 
Antibody conjugation with peroxidage 
Sheep anti-rabbit IgG or Fab fragments were conjugated to peroxi­
dase according to the method of Avrameas (1971). A ratio of 12 mg to 
peroxidase (Type VI, Sigma Chemicals Inc., St. Louis, Mo.) to 5 mg of 
chromatographically purified sheep anti-rabbit IgG or Fab in 1 ml of 
0.01 M potassium phosphate buffer, pll 6.8 was used. Fifty yl of 1% 
glutaraldehyde (aqueous) was added dropwise with constant stirring at 
room temperature for 30 min. The solution was dialyzed overnight at 
4°C against 0.1 M potassium phosphate, pH 7.4, was centrifuged at 
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14,000 X for 20 min, and was purified by chromatography (Fig. 16 
and 17) on Sephadex G-200 (Pharmacia Fine Chemicals, Inc., Piscataway, 
New Jersey). One to two ml samples in 0.01 M potassium phosphate, pH 
7.4, were applied to 1.6 x 90 cm columns equilibrated with the same 
buffer (Fig. 16 and 17). The columns were eluted with 0.1 M potassium 
phosphate, pH 7.4, and the effluent was monitored at 280 nm. Void 
volumes of all columns were determined by using blue dextran (Pharmacia). 
Additional details will be given with the description of the individual 
experiments. 
In some experiments, Fab fragments were conjugated to microperoxi-
dase by using the procedure just described but with a ratio of 8 mg of 
microperoxidase (Calbiochem, LaJolla, Calif.) to 5 mg of chromatographically 
purified Fab fragment. After conjugation, the Fab microperoxidase con­
jugate was chromatographed on Sephadex G-lOO (Fig. 18). Fractions I and II 
(Fr I and Fr II, Fig. 18) represent the two Fab fragments conjugated to 
microperoxidase. Only Fr I was retained and used in the localization ex­
periments. The leiiiaitiiug peaks in the chrcmatcgrasi nay be unconjugated 
microperoxidase cross-linked by the glutaraldehyde or may be microperoxi-
dase-labeled fragments of IgG (Kraehenbuhl et al., 1971). SDS-polyacryla-
mide gel electrophoresis of Fr I showed that this fraction was homogenous 
(Fig. 15). Sheep anti-IgG was not conjugated to microperoxidase. 
Immunoelectrophoresis of purified antibodies 
Immunoelectrophoretic analysis of homogeneity of antibody fractions 
was done on microscope slides according to the procedure described by 
Schreidegger (1955). One percent agar dissolved in 0.4 M KCl, 0.01 M 
Figure 16. Elution profile of sheep IgG anti-rabbit IgG conjugated with peroxidase from a 
1.6 X 90 cm Sephadex G—200 column 
(Fifty mg of protein were loaded in 1 to 2 ml, and the column was eluted with 
0.1 M potassium phosphate., pH 7.4. Flow rate was 8 ml/hr, and 3.0 ml fractions 
were collected. Protein eluting immediately after the void volume between the 
vertical dotted lines was sheep IgG anti-rabbit IgG conjugated with peroxidase.) 
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Figure 17. Elution profile of sheep Fab anti-rabbit IgG conjugated with peroxidase from a 
1.6 X 90 cm Sephadex G—200 column 
(One hundred, fifty mg o:: protein were loaded in 1 to 2 ml, and the column was 
eluted with 0.1 M potassium phosphate, pH 7.4. Flow rate was 6 ml/hr, and 
3.0 m]. fractions were collected. Protein eluting immediately after the void 
volume between the vertical dotted lines was Fab conjugated with peroxidase.) 
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Figure 18. Elation profile of sheep Fab anti-rabbit IgG conjugated with microperoxidase 
from a 1.6 x 90 cm Saphadex G-lOO column 
(One hundred fifty mg of protein were loaded in 1 to 2 ml, and the columns 
eluted with 0.1 M potassium phosphate, pH 7.4. Flow rate was 8 ml/hr. 
Protein eluting in Fr I and Fr II between the vertical dotted lines was 
Fab conjugated with microperoxidase, but only the more highly purified 
fractions in Fr I were used in further experiments.) 
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potassium phosphate, pH 7.4, was used for the gel support. A field 
strength of 3.5 v/cm was applied across the agar for 90 min. Plates 
were stored for several days at 4°C after electrophoresis to allow 
complete development of precipitin lines. Except for the plate used 
to demonstrate peroxidase activity, the plates were washed in succession 
with 0.4 M KCl and distilled water, were dried at room temperature for 
48 hr, and were stained with 1% Amido black in 45% methanol, 10% acetic 
acid. 
DEAE-cellulose chromatography of a crude, ammonium sulfate 
fraction of IgG produces a homogeneous IgG fraction (Fig. 19a). Electro­
phoresis of chromatographically purified rabbit IgG follo\-;ed by dif­
fusion against sheep anti-rabbit IgG also produces only one 
precipitin line (Fig. 19b) and further indicates that IgG purified by 
DEAE-cellulose chromatography is immunologically homogeneous. Homo­
geneity of chromatographically purified Fab fragments is demonstrated 
in Fig. 19c, where the only reacting species has the electrophoretic 
mobility of a Fab fragment. Horseradish peroxidase can be conjugated 
to sheep Fab anti-rabbit IgG to produce an electrophoretically homo­
geneous product (Fig. 19d, lower half of gel). 
Morphological Procedures 
This section describes the techniques used to prepare samples for 
microscopy. The seven subheadings in this section are: 1) materials 
used in immunochemical reactions; 2) fixation for immunochemical 
reactions; 3) immunocytochemical procedures; 4) localization by the 
Figure 19. Immunoelectrophoretic patterns of different antibody frac­
tions 
(After electrophoresis, gel plates in a, b, and c were dried 
and then stained with Amido black as described in the 
Materials and Methods, a) Unfractionated normal rabbit 
sera (upper pattern) and chromatographically purified rabbit 
IgG (lower pattern) were electrophoresced for 90 min at a 
field strength of 3-5 v/cm, and then allowed to diffuse 
against sheep anti-whole rabbit sera. Rabbit IgG purified by 
DEAE-cellulose chromatography is homogeneous as indicated 
by the single precipitin line, b) Rabbit IgG purified by 
DEAE-cellulose chromatography (see Fig. 13) was electro­
phoresced as described in 19a, and was then diffused against 
sheep anti-rabbit whole sera, c) Sheep Fab anti-rabbit IgG 
purified by DEAE-cellulose chromatography was electrophoresced 
as described for 19a, and was then diffused against whole 
rabbit sera. Only a single precipitin line is evident, 
d) Sheep FabP anti-rabbit IgG was electrophoresced as 
described for 19a and was then diffused against whole rabbit 
sera. The half of the gel above the trough was stained in 
the routine manner with Amide black (see text). The lower 
half of the gel was incubated with 0.05% DAB, 0.02% H2O2, 
0.2 M Tris-HCl, pH 7.4, for 10 min to demonstrate peroxidase 
activity of the conjugated Sh Fab^ anti-rabbit IgG. The 
single precipitin line in the upper half of the gel shows 
that Sh FabP anti-rabbit IgG remains immunologically homo­
geneous after conjugation vjith horseradish pproviri^sp. The 
precipitin line in the lower half of the gel shows that 
Sephadex chromatography efficiently removes all unconjugated 
horseradish peroxidase from the conjugation reaction mixture:) 
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peroxidase-anti-peroxidase method; 5) fluorescence microscopy; 
6) negative staining; and 7) electron microscopy. 
Materials used in immunochemical reactions 
Striated muscle preparations Glycerinated strips of porcine 
psoas, porcine cardiac, Rana pipiens sartorius, and nemaline 
myopathy biopsy samples were the striated muscle samples examined 
in this study. These strips were glycerinated by the method of 
Huxley (1963) and were stored at -22°C. The glycerinated strips 
were removed from the freezer and were teased into bundles 
approximately 250-300 ym in diameter while in 0.2 Tris-HCl buffer, 
pH 7.4, at 0°C. Teasing was followed by homogenization in a Lourdes 
homogenizer (50 ml capacity at a Variac setting of 50 for 15 sec. 
Myofibrils were sedimented at 2300 x g for 10 min at 2°C and were 
—max 
then used for ultrastructural characterization or to assay for 
binding of anti-a-actinin or anti-tropomyosin as described subsequently 
in tliis ssction. 
Porcine skeletal and the tadpole and adult frog myofibril 
preparations described earlier in this section were also used for 
ultrastructural characterization and assay of antibody binding as 
described later in this section. In addition, IZI brushes, and KCl 
and H^O-washed IZI brushes from porcine skeletal muscle were sub­
jected to ultrastructural and Immunological assays as described later 
in this section. 
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Thick sectioned material Frozen and nonfrozen sections (30-40 
yra thickness) of chicken gizzard, porcine uterus, porcine jejunum, human 
psoas (normal and nemaline samples), and tail myotomes of ^  pipiens 
tadpole were hand-cut with a razor blade. These sections were fixed for 
both ultrastructural and immunochemical assays as described later in 
this section. 
Fibroblasts Monolayers of tertiary subcultures grown on cover-
slips were used as the source of fibroblasts for immunochemical reactions. 
Fixation for immunochemical reactions 
All materials described in the preceding section were fixed at 2°C 
in 2.7% formaldehyde freshly prepared by conversion of paraformaldehyde 
(Karnovsky, 1965) with 0.2% picric acid (Stefanini et al., 1967). Fix­
atives contained 5 mM CaCl^, and their final osmolarity was adjusted with 
NaCl to 1050 mosmols/liter (Kraehenbuhl and Campiche, 1969). Samples 
remained in the fixative at 4°C for 2 hr and were then washed by flushing 
with 5 changes of cold 0.2 M Tris-HCl buffer, pH 7.4. 
Immunocytochemical procedures 
Antibody localization was done by using the indirect technique. 
In this procedure, antibodies against the protein of interest (e.g., 
anti-a-actinin) are incubated with the tissue to allow them to bind 
wherever that protein is located. The unbound antibodies are then re­
moved by washing, and the washed tissue is incubated with an antibody 
fraction made against antibodies (e.g., sheep anti-rabbit). The sheep 
anti-rabbit fraction is conjugated with fluorescein, peroxidase, or 
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other similar reagents that will permit eventual localization of the 
bound sheep anti-rabbit IgG or Fab. Localization of binding of the 
sheep anti-rabbit IgG or Fab by use of peroxidase or fluorescein con­
jugated to these fractions therefore also localizes binding of the 
original antibody against the protein in question (e.g., anti-cx -
actinin). The indirect method has several advantages. First, use of 
an antibody binding to another antibody permits amplification of the 
amount of conjugated antibody that can be bound, and thereby increases 
sensitivity of the localization. Second, the complex and time-consuming 
conjugation process need be done only once, and a single batch of sheep 
anti-rabbit IgG or Fab bound to peroxidase can be used to localize any 
protein that has been used to produce the antibodies used in the first 
incubation. 
Table 2 lists the different experimental protocols used in the 
localization experiments described in this thesis. All reagents listed 
in Table 2 were dialyzed against 0.2 M Tris-HCl, pH 7.4, at 2°C before 
use, and all incubations with the immunological reagents shown in Table 
2 were for 5 hrs at room temperature. Only 0.1 and 0.2 ml of the reagents 
shown in Table 2 was required for eventual localization. Tissue to be 
used in the localization experiments was fixed as described in the pre­
ceding section and was then incubated for 5 hrs with constant shaking at 
room temperature with one of the reagents listed under the first incu­
bation step in Table 2. After incubation, the tissue was rinsed for 2 
days in Tris-HCl, pll 7.4, with 4 changes and constant agitation at 2°C. 
The rinsed tissue was then incubated for 5 hrs with the appropriate 
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Table 2. Summary of different experimental protocols used in immuno-
cytochemical localization experiments® 
Reagent used in Reagent used in 
first incubation step second incubation step 
of indirect method of indirect method 
Undiluted (20 mg/ml) 
RbIgG a-a-actinin 
Diluted (2 mg/ml) 
RbIgG a-a-actinin 
Rb Fab a-a-actinin — 
Digested RbS a-a-actinin 
(Sera digested with 
papain but not 
chromatographed) 
Digested Rb Sa-TM. 
(Sera digested with 
papain but not 
chromatographed) 
Sh 
p 
IgG a-RbIgG 
rSh Fab^ 
Fab^ 
a-RbIgG 
LSh a-Rb IgG 
-Sh 
p 
Fab a-RbFab 
rSh FabMP a-RbFab 
l-Sh Fab? a-RbFab 
-Sh 
p 
Fab a-RbFab 
^Abbreviations used in this table are: RbIgG a-a-actinin, rabbit 
IgG anti-a-actinin; Rb Fab a-a-actinin, rabbit Fab anti-a-actinin; 
RbS a-a-actinin, rabbit serum anti-a-actinin; RbSa-TM, rabbit serum 
anti-TM; ShlgG^ a-RbIgG, sheep IgG conjugated with peroxidase anti-
rabbit IgG; 5h Fab^ a-K'uIgG, sheep Fab conjugated yith nmrnvidase 
anti-rabbit IgG; Sh Fab^ a-Rb IgG, sheep Fab conjugated with micro-
peroxidase anti-rabbit IgG; Sh Fab a-RbFab, sheep Fab conjugated with 
peroxidase anti-rabbit Fab; and Sh Fab^^ a-RbFab, sheep Fab conjugated 
with microperoxidase anti-rabbit Fab= 
^As described in the text, the first incubation step was always 
followed by thorough washing to remove unbound antibodies. For 
simplicity, this washing is not included in this table. 
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reagent listed under the second incubation step in Table 2. After the 
second incubation, the tissue was washed 2 days in Tris-HCl, pH 7.4, 
with constant agitation at 2°C. The washed tissues were immersed for 
3 hrs at 4°C in 3% glutaraldehyde in Tris-HCl, pH 7.4, and then rinsed 
for 4 hrs in Tris-HCl, pH 7.4. After the second incubation step and 
subsequent washing, the tissue was incubated with 0.05 M 3,3'-diamino-
benzidine (DAB obtained from Sigma Chemical Co., Inc., St. Louis, Mo.) 
in 0.2 M Tris-HCl, pH 7.4, for 1 hr at room temperature. This incuba­
tion allowed the DAB to diffuse completely through the tissue. The 
site of binding of the antibody conjugated with peroxidase was then 
revealed by incubating the tissue in 0.05% DAB plus 0.02% ^ 2^2 ^.2 M 
Tris-HCl, pH 7.4, for 10 min at room temperature (Graham and Kamovsky, 
1966). Peroxidase conjugated to sheep anti-rabbit IgG or Fab reduces 
the H2O2 to H2O by transferring electrons from H2O2 to DAB to oxidize 
DAB to a substance which, when incubated with osmium tetroxide, forms 
a product called osmium black. Osmium black is an electron-dense sub­
stance that is visible in Lhe elecLron microscope. Because osmium black 
forms only at those specific locations where peroxidase is present to 
oxidize DAB, location of electron-dense deposits of osmium black cor­
responds to the location of peroxidase conjugated to the sheep anti-
rabbit IgG or Fab, and therefore also to the location of antibodies 
against the protein of interest (e.g., anti-a-actinin). After incu­
bation in 0.05% DAB, 0.02% H2O2, 0.2 M Tris-HCl, pH 7.4, the tissue 
sections were rinsed 5 times in Tris-HCl, pH 7.4, and were then rinsed 
for 2 days at 4°C with constant agitation by using 4 changes of 0.2 M 
124 
cacodylate-HCl buffer, pH 7.4. This final rinse removed all unreached 
DAB and from the tissue without removing the insoluble, electron-
dense product. 
Control tissue samples were fixed for immunological reactions as 
described in the preceding section, and were then incubated with normal 
rabbit serum (i.e. , without anti-a-actinin or anti-tropomyosin activity), 
or with rabbit anti-a-actinin serum that had been absorbed with a-actinin, 
or with rabbit anti-tropomyosin serum that had been absorbed with tropo­
myosin. A second kind of control was also done in which tissue sections, 
after fixing for immunochemical reaction (preceding section) were first 
incubated with the specific anti-a-actinin or anti-tropomyosin serum, 
were washed, and were then incubated with sheep Fab anti-rabbit or sheep 
Fab-anti-rabbit Fab that had not been conjugated with peroxidase or 
other similar localizing reagent. After the second incubation, the 
tissue samples were finally incubated in the same reagents coupled to 
enzyme. These controls were then processed as described previously 
for the experimental samples. All controls were negative. 
The presence of endogenous peroxidase and cytochrome c-like 
activities in the tissue sections was assayed by treating tissues that 
had not been incubated with antibodies (neither first nor second incu­
bation) with 0.05% DAB, 0.02% 0.2 M Tris-HCl, pH 7.4, as described 
in the preceding section. 
After incubation with DAB and the final washing, all specimens, 
both experimental and control, were postfixed in 2% OsO^ buffered with 
0.2 M sodium cacodylate, pH 7.4, for 60 min at room temperature, were 
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dehydrated in a graded series of ethanol, and were embedded in an 
Epon-Araldite mixture (Anderson and Ellis, 1965). Light gold sec­
tions 1000 A) were examined unstained or stained only with undiluted 
lead citrate (Reynolds, 1963). 
Localization by the peroxidase-anti-peroxidase method 
The requirement that tissue sections used for immunocytochemical 
localization of a-actinin or tropomyosin by the peroxidase procedure 
be unstained or only very lightly stained with lead citrate often made 
it very difficult to discern fine structural details of the tissue 
being examined. This problem was particularly troublesome when attempting 
to determine the precise location of a-actinin and tropomyosin in the 
different specialized regions of the intercalated disk in cardiac muscle 
and in the dense bodies of smooth muscle. It was evident that this prob­
lem could be solved by using serial or adjacent sections of the tissue. 
One section could be processed in the usual way for immunocytochemical 
localization of a-actinin or tropomyosin by the peroxidase procedure, and 
the adjacent section could be processed with ordinary staining procedures 
to permit observation of fine structural details. Use of serial sections 
in this way required that thin sections embedded in Epon-Araldite be proc­
essed for peroxidase immunocytochemical localization. Therefore, Moriarty 
and Holmes' (1972a, 1972b) modification of the unlabeled (i.e., unconju­
gated) antibody enzyme method of Sternberger et al. (1970) was used be­
cause of the reported sensitivity of this method. 
Tissue preparation Sections of chicken gizzard (30-40 pm thick­
ness) and 2 mm thick bundles of stretched porcine papillary muscle were 
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fixed in cold 1% glutaraldehyde in 0.1 M sodium cacodylate-HCl buffer, 
pH 7.4, for 30 min. After rinsing overnight in buffer, the specimens 
were dehydrated in a graded ethanol series and embedded in an Epon-
Araldite mixture (Anderson and Ellis, 1965). 
Antisera Rabbit IgG to both smooth and cardiac a-actinin was 
prepared as described earlier (section on Immunological procedures). 
Sheep anti-rabbit IgG and soluble peroxidase-rabbit antiperoxidase 
(PAP) were generously supplied by Dr. Stanley Erlandsen (Department 
of Anatomy, University of Minnesota). Tris-buffered saline (0.5 M 
Tris-HCl, pH 7.6, diluted 1:10 with 0.9% NaCl) containing 1% normal 
sheep serum was used as the diluent for all antisera. 
Immunocytochemical staining Thin sections (500-800 Â) of 
smooth and cardiac muscle were picked up on unsupported nickel grids. 
To facilitate diffusion of antisera into the plastic, sections were 
etched for 20 min with drops of 10% hydrogen peroxide. After etching, 
the grids were thoroughly washed three times with distilled water. To 
minimize nonspecific adsorption of antisera, the thin sections were 
pretreated for 10 min with Tris-buffered saline containing 10% normal 
sheep serum and were then thoroughly rinsed three times with Tris-
buf fered saline containing 1% normal sheep serum. The grids were immuno-
cytochemically stained by floating the sections for 3 iivLn each on drops 
of the following antisera in succession: (a) rabbit anti-chicken giz­
zard a-actinin or rabbit anti-porcine cardiac a-actinin at a 1:10 dilu­
tion, (b) sheep anti-rabbit IgG antisera diluted 1:10, and (c) soluble 
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PAP complex diluted 1:50. Localization of the PAP complexes was revealed 
by incubating the grids for 3 min in 0.05 M Tris-HCl buffer (pH 7.6) 
containing 12 mg/100 ml 3,3'-diaminobenzidine tetrahydrochloride (Sigma 
Chemical Co., Inc., St. Louis, Mo.) and freshly prepared 0.0025% hydrogen 
peroxide. After incubation, the grids were removed and were washed with 
distilled water. To stabilize the peroxidase reaction product and to 
increase electron density of the reaction product, sections were osmi-
cated by floating the grids for 10-20 min on drops of 2-4% osmium tetroxide. 
The grids were then washed thoroughly with distilled water, were dried, 
and were examined by electron microscopy. 
In each experiment, controls for the staining procedure were run 
by substituting normal rabbit serum (diluted 1:10) for anti-a-actinin. 
Normal rabbit serum was applied to grids containing sections that had 
been cut adjacent to those used for the anti-a-actinin incubations. 
Localization of antibody binding at the fluorescence microscope 
level was also done by using the indirect method as described in the 
preceding section. Glycerinated myofibrils prepared as described earlier 
(Materials used for immunochemical reactions), brush borders of intes­
tinal epithelial cells, tadpole and frog myofibrils, and fibroblasts 
were all used for the indirect method of localization. Table 3 lists 
the different experimental protocols used for localization at the light 
microscope level. Two-tenths ml of the specific antibodies, rabbit 
IgG a-a-actinin or rabbit IgG a-tropomyosin, at a concentration of 2 
to 3 mg/ml in a buffered glycerol solution (25% glycerol, 7.5 x 10 ^ M 
KCl, 7.5 X 10 ^ M MgCl^j 7.5 x 10 ^ M potassium phosphate, pH 7.0) was 
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Table 3. Summary of the experimental protocols used in immunochemical 
localization at the light microscope level^ 
Reagents used in the Reagents used in the 
first incubation step second incubation step 
of the indirect method of the indirect method 
RbIgG a-a-actinin ShlgG^^^^ a-RbIgG 
RbIgG a-tropomyosin ShlgCf^TC a-RbIgG 
^Abbreviations used in this table are: RbIgG a-a-actinin, 
rabbit IgG anti-a-actinin; RbIgG a-tropomyosin, rabbit IgG anti-
tropomyosin; ShlgG^lTC a-RbIgG, sheep IgG conjugated with fluorescein 
isothiocyanate anti-rabbit IgG; and ShlgC^ITC a-RbIgG, sheep IgG 
conjugated with fluorescein isothiocyanate anti-rabbit IgG. 
added to 0.1 ml of myofibrils (1 mg/ml), or to a drop of a brush border 
suspension. The myofibrils and brush border preparaEions were incubated 
with the specific antibodies at room temperature for 1 hr. Unbound IgG 
was removed by washing the tissue samples with several changes of cold 
(2°C) buffered glycerol solution over a 3-hr period. After the first in-
cubation and subsequent washing, fluoréscein-labeled sheep IgG anti-
rabbit IgG (Shlgcf^^C a-RbIgG) was diluted 1:10 with phosphate-buffered 
saline (0.01 M potassium phosphate buffer, pH 7.2, 0.85% NaCl; protein 
concentration of the stock solution Shlgc''^'^ a-RbIgG was 15 mg/ml) . vas 
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incubated with the myofibril or brush border preparations for 3 hr at 
4*C. Again, unbound fluorescein-labeled antibody was removed from the 
tissues by flushing the specimens with 3 changes of the buffered glycerol 
solution over a period of several hr. After this final washing, the 
tissues were examined with a Zeiss Universal microscope equipped with HBO 
200 W/4 Hg lamp and a 100 X Planachromat oil immersion objective. Photo­
graphs were taken using Tri-X film (Eastman-Kodak, Rochester, New York). 
Fibroblasts were grown on glass coverslips in the appropriate 
medium (see figure legends). The coverslips were washed briefly in 
phosphate-buffered saline to remove excess medium, and the fibroblasts 
on the washed coverslips were fixed in phosphate-buffered saline con­
taining 3.5% formaldehyde for 20 min at room temperature. The fixed 
fibroblasts were subsequently washed thoroughly in phosphate-buffered 
saline. An appropriate dilution (1:20 in phosphate-buffered saline) of 
the rabbit antibody (first incubation step. Table 3) was applied to the 
cells. After incubation in a humid atmosphere for 1 hr at 37°C, the 
coverslips were washed 3 times with phosphate-buffered saline and were 
then incubated 1 hr with a 1:10 dilution of sheep anti-rabbit IgG 
coupled to fluorescein (second incubation step, Table 3); the 1:10 dilu­
tion was done with phosphate buffered saline. The coverslips were washed 
3 times in phosphate-buffered saline and were placed on a glass slide for 
examination in a Zeiss Universal microscope as described in the pre­
ceding paragraph. 
Samples that did not have to be processed to preserve their anti­
genicity were fixed with 2.5% glutaraldehyde in 0.1 M potassium phosphate, 
pH 7,0, were postfixed with 1% OsO^ in veronal buffer, pH 7.2, were then 
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dehydrated through a graded series of acetone, and were embedded in an 
Epon-Araldite mixture (Anderson and Ellis, 1965). Grids were double-
stained with 2% uranyl acetate (methanol) followed by lead citrate 
(Reynolds, 1963) and were examined in an RCA EMU-4 operating at 50 Kv. 
Negative staining 
Small droplets of dilute suspensions (1.5 mg/ml) of dense body 
preparations from chicken gizzard were placed on 300-mesh carbon-coated 
copper grids. The droplet was touched with the torn edge of a filter 
paper to remove most of the excess liquid, and a drop of 1% uranyl ace­
tate (aqueous) was immediately applied before the residual film of sample 
would dry. After 30 seconds, the droplet of stain was mostly removed by 
touching it with torn filter paper. These preparations were then exam­
ined in the electron microscope. 
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RESULTS 
As indicated in the Introduction of this thesis, the primary purpose 
of this study was to determine the protein composition and precise 
architecture of skeletal muscle Z-disks in the anticipation that this 
information would provide some insight into the physiological function 
of the Z-disk in biological movement. Several of the early studies 
discussed in the Review of Literature suggested that the proteins, 
a-actinin and tropomyosin, might be located in skeletal muscle Z-disks. 
Consequently, initial studies in this thesis sought to determine localiza­
tion at the electron microscope level of resolution of a-actinin and 
tropomyosin in striated muscle Z-disks. Both skeletal and cardiac muscle 
were used in these initial studies. In addition, muscle from human 
patients afflicted with nemaline myopathy, a disease characterized by 
abnormally large Z-disks, was investigated to learn whether Z-disk compo­
sition was altered in this pathological condition. These initial studies 
showed that intercalated disks in cardiac muscle contained a-actinin and 
suggested the possibility that Z-disk proteins might be widely distributed 
through all motile systems in nature, even though nonmuscle motile systems 
have no Z-disks. Therefore, localization of a-actinin and tropomyosin 
was determined in smooth muscle because smooth muscle has no Z-disks but 
contains dense bodies that have been purported to be Z-disk analogues. 
Discovery of a-actinin in smooth muscle dense bodies then prompted an 
extension of these studies on localization of Z-disk proteins to non-
muscle movement systems. Fibroblasts, brush borders from intestinal 
epithelial cells, and acrosomal processes of Limulus sperm were used in 
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these experiments. Finally, because other investigators have obtained 
conflicting results concerning the presence of tropomyosin in Z-disks of 
striated muscle, a more extensive and analytical study was done on protein 
composition of skeletal muscle Z-disks by using polyacrylamide gel 
electrophoresis and selective extraction procedures in conjunction with 
antibody localization. These latter studies also permitted some conclu­
sions about the nature of the arrangement of proteins in the Z-disk. 
For clarity, the results of this study will be divided into three 
major sections with subheadings under each of the major sections: 1) 
localization of a-actinin and tropomyosin in three muscle types, 2) locali­
zation of a-actinin in some nonmuscle motile systems, and 3) attempts to 
determine the molecular architecture of the Z-disk. 
Localization of a-Actinin and Tropomyosin in Three Muscle Types 
This section describes the results of studies on binding of anti-a-
actinin and anti-tropomyosin to skeletal, cardiac, and smooth muscle cells. 
T.TOC C* «4 OO rt -^Î <-> R* -F R* F 4-%-» 
experiments described in this section because it was convenient to use 
rabbits for antibody production, and purified proteins (a-actinin and 
tropomyosin) prepared from porcine muscle could be injected directly into 
rabbits for antibody production. Porcine psoas muscle was used as the 
source of skeletal muscle, porcine papillary muscle was used as the source 
of cardiac muscle, and chicken gizzard and porcine uterine muscle were 
used as the source of smooth muscle. In addition, binding of anti-a-
actinin and anti-tropcirr/osin to normal and nemaline myopathy human muscle 
was studied. 
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Porcine skeletal and cardiac muscle 
Morphology of glycerinated porcine psoas and cardiac fibrils 
Electron micrographs of glycerinated porcine psoas and porcine papillary 
cardiac muscle before incubation with anti-a-actinin and anti-tropomyosin 
are shown in Figures 20 and 21, respectively. Samples shown in these 
micrographs were processed for electron microscopy and were stained as 
described in the Materials and Methods. These micrographs are shown for 
orientation purposes because the immunochemical localization procedure 
using peroxidase at the electron microscope level requires that the 
samples be unstained or only lightly stained so that electron dense 
reaction products from the peroxidase-catalyzed oxidation of diamino-
benzidine can be detected. Therefore, both the control and the immuno-
cytochemically treated samples shown subsequently in this thesis will 
be unstained or lightly stained preparations whose structural details will 
be more difficult to determine than would normally be expected. 
The regular array of alternating light and dark bands produced by 
the interdigitating thick and thin filament structures first described 
by Huxley (1953) are easily seen in the skeletal muscle sample shown in 
Figure 20. M-lines, an H-zone, and Z-disks are also evident (Figure 20). 
At an average sarcomere length (5 measurements) of 2.2 ym, the average 
Z-disk width (5 measurements) in the porcine psoas muscle in Figure 20 
was 680A°. A distinguishing feature of cardiac muscle, the intercalated 
disk, is shown in Figure 21. Specialized regions of the intercalated 
disk include the longitudinal parts or fascia occludens (Figure 21), the 
transverse parts into which thin filaments insert or the fascia 
adherentes, and transverse parts that have no thin filaments inserted 
Figure 20. Electron micrograph of glycerinated porcine psoas muscle 
(The structural features typical of mammalian skeletal 
muscle are seen. A- and I-bands, M-line, H-zone, and 
Z-disks are labeled. X 30,000.) 
Figure 21. Electron micrograph of glycerinated porcine papillary muscle 
(A distinguishing characteristic of cardiac muscle, the 
intercalated disk, is seen. Specialized regions of the 
intercalated disk, the fasciae adhefeuLes (FA) and the 
fasciae occludens (FO), are indicated. A Z-disk is also 
indicated (Z). X 30,000.) 
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into them. The latter parts include areas called macula adherentes or 
desmosomes. 
Localization at the light microscope level of g-actinin and tropomyosin 
in porcine psoas and cardiac myofibrils 
Incubation of glycerinated porcine psoas myofibrils with porcine 
skeletal anti-a-actinin followed by incubation with FITC-labeled sheep 
anti-rabbit IgG results in bright fluorescence at the Z-disks when exam­
ined in the fluorescence microscope (Figure 22a and 22b). Absence of 
fluorescence at structures other than the Z-disk indicates that anti-a-
actinin binding to skeletal muscle myofibrils occurs exclusively to 
Z-disks. Incubation of glycerinated porcine skeletal myofibrils with 
porcine skeletal anti-tropomyosin followed by incubation with FITC-
labeled sheep anti-rabbit IgG results in bright fluorescence in the I-
bands and very weak fluorescence in the A-band when viewed in the 
fluorescence microscope (Figure 23a and 23b). A faint, nonfluorescent 
cleft at the level of the Z-disk can be observed in myofibrils stained 
with anti-trcpcnr/ccin. The presence of this cleft suggests that anti-
tropomyosin does not bind to Z-disks in glycerinated porcine skeletal 
raj'ofibrils. The difference in staining intensity between the I-band and 
A-band with anti-tropomyosin may be due to relative unavailability of 
antigenic binding sites for tropomyosin on thin filaments that are inter-
digitated with thick filaments in the A-band. It is important that the 
antigens used to elicit the anti-a-actinin and anti-tropomyosin used for 
the experiments shavn in Figures 22 and 23 were purified by preparative 
polyacrylamide slab electrophoresis. It will be sham later that the 
specificity of binding of anti-a-actinin and anti-tropomyosin observed 
Figure 22. Fluorescence and phase micrographs of porcine psoas 
myofibril after incubation with anti-a-actinin and 
FITC-labeled sheep anti-rabbit IgG 
(Porcine skeletal a-actinin used as the antigen to 
elicit the anti-a-actinin employed in this experiment 
had been purified by preparative slab electrophoresis, 
(a) The fluorescence image reveals that only Z-disks 
bind anti-a-actinin. (b) Phase micrograph of the 
same myofibril shown in (a). This micrograph permits 
identification of the fluorescent structures in (a) as 
Z-disks. X 2,600.) 
Figure 23. Fluorescence and phase micrographs of porcine psoas 
myofibril after incubation with anti-tropomyosin and 
FITC-labeled sheep anti-rabbit IgG 
(Porcine skeletal tropomyosin used as the antigen to 
elicit the anti-tropomyosin employed in this experiment 
had been purified by preparative polyacrylamide slab 
electrophoresis, (a) Bright I-band staining and very 
weak A-band staining are observed in the fluorescence 
nij-uiogiapii* A buialx clcic ii at the Icvel of the Z—disk 
suggests that Z-disks in glycerinated porcine skeletal 
myofibrils do not bind anti-tropomyosin. (b) Phase 
micrograph of the same myofibril shown in (a). This 
micrograph permits identification of the fluorescent 
structures seen in (a). X 2,000.) 
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in Figures 22 and 23 requires that the antigens be rigorously puri­
fied. 
Figures 24 and 25 show binding of anti-a-actinin and anti-
tropomyosin to porcine papillary muscle at the light microscope level 
of magnification. These experiments were done by incubating either 
anti-a-actinin or anti-tropomyosin with myofibrils and following this 
incubation with a second incubation using FITC-labeled sheep anti-rabbit 
IgG. Antigens used to elicit the antibodies used for the experiments 
shown in Figures 24 and 25, however, were not electrophoretically purified 
as they were for the experiment with skeletal muscle shown in Figures 22 
and 23. Fluorescence microscopy shows that the Z-disk region of porcine 
papillary myofibrils clearly binds anti-a-actinin (Figure 24a and b). 
Although the narrow I-bands in the myofibril shown in Figure 24a and 
24b make it difficult to determine the extent of anti-a-actinin binding 
exactly, it appears that anti-a-actinin may bind to the I-band of 
porcine papillary myofibrils (Figure 24a and b). Anti-tropomyosin 
binds to the I-band but net to the A-band of porcine papillary myofibrils 
(Figure 25a and b). The absence of a nonfluorescent cleft at the level 
of the Z-disk in the anti-tropomyosin incubated myofibril suggests that 
antibodies in this preparation may have also bound to the Z-disk. 
Antibodies in both the anti-a-actinin and anti-tropomyosin antibody 
preparations bind to the intercalated disk (Figure 24c and d and Figure 
25c and d). Antibodies in the anti-a-actinin seemed to bind more 
intensely to the intercalated disk than antibodies in the anti-tropomyosin 
fraction (Figures 24c and 25c). 
Figure 24. Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-a-actinin and 
FITC-labeled sheep anti-rabbit IgG 
(Porcine cardiac a-actinin that had been passed through 
two successive DEAE-cellulose columns was used as the 
antigen, (a) Both the very narrow I-bands and the 
Z-disks bind the fluoréscently labeled antibody. 
Fluorescent M-lines are also observed; this suggests 
that some M-line constituents were present in the 
original antigen and that these M-line constituents 
elicited antibodies that bound to the M-line. (b) Phase 
micrograph of the same myofibril shown in (a). X 1,600. 
(c) The two intercalated disks shewn in these myo­
fibrillar segments are brightly fluorescent (arrows) 
in this fluorescence micrograph and therefore must have 
bound FITC-labeled anti-a-actinin. (d) Phase micro­
graph of the same myofibrillar fragments shown in (c) 
permits identification of the intercalated disks (arrows) 
in these fragments. X 1,600.) 
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Figure 25. Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-tropomyosin and 
FITC-labeled sheep anti-rabbit IgG 
(Porcine cardiac tropomyosin that was used as the 
antigen in this experiment was purified by isoelectric 
precipitation, (a) This fluorescence micrograph shows 
that anti-tropomyosin bound throughout the I-band and 
the Z-disks of this cardiac muscle myofibril. Weak 
fluorescence at the M-line indicates that isoelectrically 
purified cardiac tropomyosin contained some M-protein 
contaminants that elicited antibodies that bound to the 
M-line. (b) Phase micrograph of the same myofibril shown 
in (a). X 1,600. (c) The fluorescence at the inter­
calated disks (arrows) in this fluorescence micrograph 
of a cardiac myofibrillar fragment indicates that anti-
tropomyosin binds to the Intercalated disk, (d) Phase 
mirrnoraph of the same Tnyoribrillar fragment shewn in 
(c). Arrows indicate the intercalated disks. X 1,600.) 
m 
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Figure 24a and Figure 25a also show that antibodies to a-actinin and 
tropomyosin that were not electrnphoretically purified bound to the M-line 
region of porcine papillary myofibrils as well as to the Z-disk and I-band 
regions. No M-line binding was observed in skeletal muscle myofibrils 
when antibodies elicited against electrophoretically purified a-actinin 
or tropomyosin were used (Figure 22a and Figure 23a). Therefore, an 
experiment was done using antibodies made against electrophoretically 
purified cardiac a-actinin and tropomyosin to determine whether the 
M-line staining observed in Figure 24a and Figure 25a was due to a M-
protein contaminant in the conventionally purified a-actinin and tropo­
myosin or whether distribution of a-actinin and tropomyosin in cardiac 
myofibrils differs from that observed in skeletal myofibrils. The results 
of this experiment showed that antibodies against electrophoretically 
purified cardiac a-actinin bound only to Z-disks in porcine papillary 
myofibrils (Figure 26a and b). Similarly, antibodies against electro­
phoretically purified cardiac tropomyosin bcur.d only to the I-band and 
left a small, iioufluorebceiit cleft ai. the Z-uiak level lu porcine 
papillary myofibrils (Figure 27a and b). These results show that both 
a-actinin and tropomyosin prepared in an ostensibly highly purified form 
by conventional procedures may contain trace amounts of a contaminant 
that elicits antibodies that bind to the M-line of striated myofibrils. 
Because this contaminant is not readily observable on SDS-polyacrylamide 
gels, this result also indicates that this putative M-protein contami­
nant is extremely antigenic. Masaki e_t ail. (1967) have previously 
suggested that M-protein is very antigenic. 
Figure 26. Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-a-actinin and 
FITC-labeled sheep anti-rabbit IgG 
(The porcine cardiac a-actinin used to elicit the 
anti-a-actinin antibodies used in this experiment was 
purified by preparative polyacrylamide slab electro­
phoresis. (a) Only the Z-disk appears to bind anti-a-
actinin in this fluorescence micrograph, and no M-line 
binding is seen, (b) This phase micrograph of the 
same myofibril shown in (a) permits definite identifi­
cation of the fluorescent bands in (a) as Z-disks. 
X 1,800.) 
Figure 27. Fluorescence and phase micrographs of porcine papillary 
myofibril after incubation with anti-tropomyosin and 
FITC-labeled sheep anti-rabbit IgG 
(The porcine cardiac tropomyosin used to elicit the 
anti-tropomyosin in this experiment was purified by 
preparative polyacrylamide slab electrophoresis. 
(a) Anti-tropomyosin binding is limited to the I-band 
and an unstained cleft (arrow) is clearly visible at 
the Z-disk region in this fluorescence micrograph. 
(b) Phase micrograph of the same myofibril in (a). 
X 2,000.) 
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Localization at the electron microscope level of g-actinin and tropomyosin 
in porcine psoas and cardiac myofibrils 
The fluorescence microscopy results discussed in the preceding sec­
tion showed that, when the antigenic protein was purified by preparative 
polyacrylamide gel electrophoresis, anti-a-actinin bound only to Z-disks 
in skeletal muscle and to Z-disks and intercalated disks in cardiac 
muscle. Anti-tropomyosin elicited against electrophoretically purified 
tropomyosin bound only to the I-band in skeletal muscle fibrils and 
to the I-band and also weakly to intercalated disks in cardiac muscle. 
Although fluorescence microscopy showed that anti-tropymyosin ostensibly 
did not bind to a small gap at the level of the Z-disk in skeletal and 
cardiac myofibrils and that anti-a-actinin and anti-tropomyosin seemed 
to bind to all areas of intercalated disk, the resolution limitations of 
the light microscope made it necessary to confirm these findings at the 
electron microscope level of resolution. The indirect peroxidase pro­
cedure for immunocytochemistry at the electron microscope level shows that 
anti-a-actinin binds throughout the Z-disk in both skeletal (Figure 28a) 
and cardiac (Figure 29a) myofibrils and that anti-a-actinin binding is not 
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limited to the approximately 700 A I-Z junctions on either edge of the 
Z-disk, where Goll e^ (1969) suggested a-actinin may be localized. 
Moreover, no anti-a-actinin binds to the I-band, A-band, M-line, or H-zone 
areas of either skeletal (Figure 28a) or cardiac (Figure 29a) myofibrils. 
On the other hand, immunocytochemistry at the electron microscopy level 
shows anti-tropomyosin binds to I-bands and to the region of thick and 
thin filament overlap in A-bands of both skeletal (Figure 28b) and cardiac 
(Figure 29b) myofibrils. Ihe sparse binding of anti-tropomyosin to Z-disks 
Figure 28. Electron micrographs of porcine psoas muscle showing 
location of anti-a-actinin and anti-tropomyosin binding 
((a) Incubation with anti-a-actinin followed by incuba­
tion with sheep anti-rabbit IgG conjugated with 
horseradish peroxidase and reaction with diaminobenzidine 
leaves electron-dense grains only at the Z-disk. Hence, 
a-actinin is located in the Z-disk. The a-actinin used 
to elicit antibodies for this experiment was purified from 
porcine skeletal muscle by preparative polyacrylamide slab 
electrophoresis. This section was lightly counterstained 
with 2% lead citrate. X 21,000. (b) This section of 
porcine psoas muscle has been incubated with anti-
tropomyosin followed by sheep anti-rabbit IgG conjugated 
with horseradish peroxidase. Tropomyosin used to produce 
the anti-tropomyosin was purified from porcine skeletal 
muscle with preparative polyacrylamide slab electrophoresis. 
Electron-dense reaction product is seen in the A- and I-
bands but is sparse in the Z-disk (Z) and M-line (M). 
The widespread scatter of the small reaction products makes 
localization of tropomyosin less obvious than localization 
of a-actinin in (a). Section has been counterstained with 
2% lead citrate. X 16,000. (c) This control sample shows 
porcine psoas muscle after incubation with normal rabbit 
serum followed by incubation with sheep anti-rabbit IgG 
conjugated with horseradish peroxidase. Only a very few, 
widely scattered electron-dense grains are visible, and 
none of these are consistently associated with any parti­
cular structures. Hence, the location of electron-dense 
reaction products in (a) and (b) accurately indicate the 
location of anti-a-actinin and anti-tropomyosin binding, 
respectively. This section has been counterstained with 
2% lead citrate. X 21,000.) 
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Figure 29. Electron micrographs of porcine papillary muscle showing 
location of anti-a-actinin and anti-tropomyosin binding 
((a) Incubation with anti-a-actinin followed by incubation 
with sheep anti-rabbit IgG conjugated with horseradish 
peroxidase and reaction with diaminobenzidine leaves 
electron-dense reaction products exclusively at the Z-
disk. a-Actinin used to elicit the anti-a-actinin was 
purified from porcine cardiac muscle by preparative 
polyacrylamide slab electrophoresis. X 21,000. (b) This 
micrograph of porcine papillary muscle, shows the distribution 
of electron-dense reaction products after incubation with 
anti-tropomyosin followed by sheep anti-rabbit IgG con­
jugated with horseradish peroxidase and diaminobenzidine. 
Reaction products are evident throughout the A- and I-
bands, and only a very few, widely scattered reaction 
products are seen in the Z-disks and M-lines. Tropomyosin 
used to elicit anti-tropomyosin was purified from porcine 
cardiac muscle by preparative polyacrylamide slab electro­
phoresis. X 33,000. (c) No nonspecific reaction products 
are visible in this control section of porcine papillary 
muscle incubated wifch normal rabnit serum followed by 
sheep anti-rabbit IgG conjugated with horseradish peroxi­
dase. All sections shown in (a), (b), and (c) are counter-
stained with 2% lead citrate. X 21,000.) 
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of skeletal (Figure 28b) and cardiac (Figure 29b) myofibrils suggests that 
this structure contains little tropomyosin or that the antigenic sites of 
tropomyosin are masked in the Z-disk and therefore are unavailable for 
antibody binding. Anti-tropomyosin binds to the region of thick and thin 
0 
filament overlap in cardiac myofibrils with a periodicity of 350 to 400 A 
(Figure 29b); this periodicity of anti-tropomyosin binding was not noticed 
in skeletal myofibrils (Figure 28b). The cause of this periodicity in 
anti-tropomyosin binding is unclear; it is not due to the presence of 
troponin in the tropomyosin antigen because SDS-polyacrylamide gels 
clearly showed that the tropomyosin antigens contained no troponin and 
because the periodicity is absent in the I-band which also contains 
troponin. It seems most likely that presence of the myosin filament 
sterically restricts binding of the rather large sheep anti-rabbit 
peroxidase complex to specific intervals along the thin filament. Control 
samples show that little nonspecific binding of peroxidase-labeled anti­
bodies occur under the conditions used in this study (Figures 28c and 29c). 
Electron mlrrogrpphs of intercalated disks in porcine papillary 
muscle showed that anti-a-actinin seemed to bind profusely all along the 
length of the intercalated disk (Figure 30a). The three regions of the 
intercalated disk, however, were extremely difficult to distinguish in 
electron micrographs of sections used for immunoperoxidase localization 
of antibody binding because these sections could not be stained with the 
normal electron microscope stains (Figure 30b). Consequently, it was 
necessary to use semiadjacent sections, with one section being processed 
for immunoperoxidase cytochemistry and the other semiadjacent section 
being stained with the normal electron microscope stains to permit more 
Figure 30. Electron micrographs showing binding of anti-a-actinin to 
an intercalated disk in porcine papillary muscle 
((a) Although it is difficult to distinguish different 
regions of the intercalated disk in these lightly stained 
sections, it appears that all three regions in this 
intercalated disk bind anti-a-actinin. This section was 
produced by incubating with anti-a-actinin followed by 
sheep anti-rabbit IgG conjugated with horseradish 
peroxidase and reaction with diaminobenzidine. The 
a-actinin used to elicit anti-a-actinin was purified 
from bovine cardiac muscle by preparative polyacrylamide 
slab electrophoresis, (b) This control section shows no 
visible reaction product along the intercalated disk 
when the section in incubated with normal rabbit serum 
followed by sheep anti-rabbit IgG conjugated with 
uùïséj.auiah peroxidase and reaction with diaminobenzidine. 
X 40,000.) 
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definite identification of intercalated disk structures that bound 
anti-a-actinin and anti-tropomyosin. The results from such serial-section 
studies demonstrate that anti-a-actinin binds to all three regions of the 
intercalated disk (Figure 31a and b). Although anti-tropomyosin also 
seems to bind to the intercalated disk, this binding is not nearly so 
profuse as anti-a-actinin binding (cf. Figures 31a and 32a), and it is 
impossible to determine whether anti-tropomyosin also binds to all three 
regions of the intercalated disk. Hence, the immunoperoxidase results 
(Figure 32a and b) confirm the immunofluorescence results showing that 
anti-tropomyosin binds to intercalated disks in cardiac muscle but that 
the extent of this binding is much smaller than it is for anti-a-actinin. 
SDS-polyacrylamide gel electrophoresis of myofibrils from porcine psoas 
and porcine cardiac muscle 
Purified myofibrils from porcine psoas and porcine cardiac muscle 
were subjected to SDS-polyacrylamide gel electrophoresis to determine 
whether protein composition of myofibrils from these two different types 
of muscle was different. Because only myofibrils from cardiac muscle 
would contain intercalated disks and because the immunocytochemistry 
results described in the preceding paragraphs showed that intercalated 
disks contain both a-actinin and tropomyosin, it seemed possible that 
cardiac myofibrils would contain a greater proportion of a-actinin and 
tropomyosin than myofibrils from skeletal muscle would. The results, 
however, reveal no obvious differences in proportion of a-actinin and 
tropomyosin between skeletal and cardiac myofibrils (Figure 33). Although 
the 100,000-dalton a-actinin band in the cardiac myofibrils shown in 
Figure 33 is clearly darker than its corresponding 100,000-dalton band 
Figure 31. Electron micrographs of semladjacent sections of porcine 
papillary muscle that show binding of anti-a-actinin to 
two regions of the intercalated disk 
((a) This micrograph shows a section of porcine papillary 
muscle after Incubation with anti-a-actinin followed by 
sequential incubation with sheep anti-rabbit IgG and 
peroxidase-anti-peroxidase (Sterriberger's PAP method). 
a-Actinin used to elicit the anti-a-actinin this experi­
ment was purified by preparative polyacrylamide slab 
electrophoresis. The electron-dense reaction products 
show that anti-a-actinin binds to desmosomes (D) and 
fasciae adherens (FA). No macula occludens is present 
in this particular section, but other experiments showed 
that the macula occludens also bound anti-a-actinin. 
Electron-dense granules in the lower center of the 
micrograph are glycogen granules (G) that should not be 
confused with peroxidase reaction product, (b) Semi-
adjacent section to that shown in (a) and that was treated in 
the same way as the section shown in (a) but with normal 
rabbit serum substituted for the anti-a-actinin serum 
used in the first incubation. This control micrograph 
permits more definite identification of the specialized 
regions cf the intercalated disk that react witli auti-a-
actinin (31a) and confirms that at least two of the 
specialized regions of the intercalated disk bind 
anti-a-actinin. A few glycogen granules (G) are the 
only electron dense areas in this micrograph, and no 
nonspecific binding occurs under the reaction conditions 
used in this experiment. X 30,000.) 
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Figure 32. Electron micrographs of semiadjacent sections of porcine 
papillary muscle that show binding of anti-tropomyosin to 
different regions of the intercalated disk 
((a) A section of porcine papillary muscle after incuba­
tion with anti-tropomyosin followed by sequential incubation 
with sheep anti-rabbit IgG and peroxidase-anti-peroxidase 
(Sternberger's PAP method). Tropomyosin used to elicit 
the anti-tropomyosin used in this experiment was purified 
by preparative polyacrylamide slab electrophoresis. 
Electron-dense reaction products are clearly visible in 
A- and I-bands (A and I arrows) and are somewhat more 
scattered along the intercalated disk. A few, scattered 
reaction products are also observed in the Z-disk (Z). 
The widely scattered distribution of reaction products along 
the intercalated disk makes it impossible to determine 
whether desmosomes (D) and the fascia adherens (FA) both 
bind anti-tropomyosin. (b) Semiadjacent section to that 
shown in (a) and treated in the same way as the section 
shown in (a) but with normal rabbit serum substituted for 
the anti-trypomyosin serum used in the first incubation. 
This control section permits more definite identification 
of the structures shown in 32a. A few glycogen granules 
(G) are visible but the absence of other electron dense 
areas sliows that ao nonspecific binding occurs under the 
reaction conditions used in the experiment shown in Figure 
31a. This section has been counters tained with uranyl 
acetate and lead citrate.) 
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Figure 33, SDS-polyacrylamide gel electrophoresis of myofibrils from 
porcine psoas and porcine papillary muscle 
(Gels of cardiac myofibrils were loaded with 33 yg 
protein and gels of psoas myofibrils were loaded with 
20 yg protein. Both gels were 7 1/2% polyacrylamide. 
Numbers to the left of the gels indicate approximate 
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in the psoas myofibril, this difference due largely to the difference 
in protein loads on these two gels (see the actin bands on the gels). 
If skeletal and cardiac myofibrils do indeed differ in protein composi­
tion, it evidently will be necessary to use polyacrylamide gel quantita­
tion techniques to detect any such difference. 
Nemaline Myopathy Muscle 
Characteristic morphology of nemaline myopathy muscle 
The large, densely staining, rod-like structures characteristic of 
nemaline myopathy muscle are shown in Figures 34 and 35. These rod bodies 
frequently seem larger and more numerous near the nucleus (Figure 34) and 
sarcolemma and may measure up to 5 ym long and 1 ym wide (Figure 34). 
In other instances, rod bodies are seen as integral parts of the myo­
fibril, where they ostensibly occur as fusiform enlargements of the 
Z-disk (Figure 35). Because I-filaments, 75 to 85 A thick, insert into 
these rod bodies (Figure 35) and because their electron opacity makes 
these rod bodies apuear similar Lo Z-disks (Figure 35). it lias frequently 
been proposed that rod bodies in nemaline myopathy muscle are overgrowths 
of Z-disk material. That Z-disks in nemaline muscle sometimes show 
fusiform expansions supports this analogy between rod bodies and Z-disks. 
Localization at the light microscope level of a-sctinin and tropomyosin 
in nemaline myopathy muscle 
Incubation of sections of human nemaline myopathy muscle with anti-a-
actinin followed by Incubation with FITC-labeled sheep anti-rabbit IgG 
results in bright fluorescent bands in the Z-disks and fusiform rod bodies 
when these samples are examined with the fluorescence microscope (Figure 
Figure 34. Electron micrograph of glycerinated human nemallne 
myopathy muscle showing numerous rod bodies (KB) located 
near the nucleus where they are often seen in 
nemallne myopathy muscle 
(The partly degraded Z-disks (Z) in this muscle are 
not characteristic of nemallne muscle and may have 
been caused by the extended storage time previous to 
fixation for electron microscopy. X 15,700.) 
Figure 35. Electron micrograph of glycerinated human nemallne 
myopathy muscle showing fusiform expansions of the 
Z-dlsk (F) characteristic of nemallne myopathy muscle 
(These fusiform rods exhibit the herring-bone 
structure described by Stromer et al. (1976). This 
muscle sample originated from the same tissue as the 
sample shown in Figure 34 and Z-disks (Z) in this 
sample are also broad and amorphous. Numerous, 
electron-dense glycogen granules (G) are also seen. 
X 26,000.) 
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36a and b). The muscle sample shown in Figure 36 does not display a 
sharp image in the phase microscope, partly because of the very thick 
sections used in this experiment and perhaps partly also because this 
muscle had been in frozen storage for several years and this storage 
seemed to affect Z-disks (see Figures 34 and 35). It is clear, however, 
that anti-a-actinin binds only to rod bodies and Z-disks in human 
nemaline myopathy muscle and that all rod bodies and Z-disks bind anti-
a-actinin (Figure 36a and b). Incubation of similar sections of human 
nemaline myopathy muscle with anti-tropomyosin and FITC-labeled sheep 
anti-rabbit IgG results in fluorescence in the I-bands but not in the 
Z-disks or rod bodies when examined with fluorescence microscopy (Figure 
37a and b). That anti-a-actinin binds to both Z-disks and rod bodies 
in nemaline myopathy but anti-tropomyosin binds to neither of these 
structures supports the conclusion that rod bodies are related to Z-disks. 
Localization at the electron microscope level of g-actinin and tropomyosin 
in nemaline myopathy muscle 
The limiLatiûuB of Leaulutioii or the ligne microscope and the lack of 
sharpness in phase micrographs of frozen nemaline myopathy muscle made it 
desirable to examine anti-a-actinin and anti-tropomyosin binding to 
nemaline myopathy muscle at the electron microscope level of resolution. 
The results show that rod bodies bind anti-a-actinin throughout their 
entire length (Figure 38a). The electron micrographs of this frozen nema­
line myopathy muscle shown earlier (Figures 34 and 35) had revealed that 
Z-disks were largely degraded in this muscle. Presumably, this Z-disk 
degradation was associated with the several years that the nemaline 
myopathy muscle used in this study had been stored in the frozen state. 
Figure 36. Fluorescence and phase micrographs showing anti-a-actinin 
binding to human nemaline myopathy muscle 
((a) Fluorescence micrograph of a section of human 
nemaline myopathy muscle after incubation with anti-a-
actinin followed by incubation with FITC-labeled sheep 
anti-rabbit IgG. a-Actinin used to elicit the anti-a-
actinin used in these experiments was purified from 
porcine skeletal muscle by using preparative polyacryla-
mide slab electrophoresis, (b) This phase micrograph of 
the same section of muscle shown in the fluorescence 
micrograph as (a) permits identification of the fluores­
cent structures seen in (a). Fusiform rod bodies 
(arrows) bind pnri-a-aciinln. X 2,300.) 
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Figure 37. Fluorescence and phase micrographs showing anti-tropomyosin 
binding to human nemaline myopathy muscle 
((a) Fluorescence micrograph of a section of human nemaline 
myopathy muscle after incubation with anti-tropomyosin 
followed by incubation with FITC-labeled sheep anti-rabbit 
IgG. Tropomyosin used to elicit the anti-tropomyosin 
used in these experiments was purified from porcine skeletal 
muscle by using preparative polyacrylamide slab electro­
phoresis. (b) This phase micrograph of the same muscle 
section shown in (a) permits identification of the fluores­
cent structures seen in (a). Rod bodies (arrows) do not 
bind anti-tropomyosin but I-bands (I) do. X 2,300.) 
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Figure 38. These electron micrographs of human nemaline myopathy 
muscle show localization of anti-a-actinin and anti-
tropomyosin binding 
((a) Incubation with anti-a-actinin followed by incuba­
tion with sheep anti-rabbit IgG conjugated with 
horseradish peroxidase and reaction with diamino-
benzidine leaves electron-dense reaction product on 
the rod bodies (RB) and scattered sparsely over the 
rest of the myofibril. a-Actinin used to elicit 
anti-a-actinin for this experiment was purified from 
porcine skeletal muscle by using preparative polyacrylamide 
slab electrophoresis. This section was taken from muscle 
that had been stored frozen for several years, and Z-disks 
are very difficult to recognize. Z-disk visualization is 
also made difficult because the section has been left 
unstained to facilitate detection of the reaction product, 
(b) Incubation with anti-tropomyosin followed by incuba­
tion with sheep anti-rabbit IgG conjugated with horse­
radish peroxidase and reaction with diaminobenzidine 
results in electron-dense reaction products scattered over 
the entire myofibril, including the rod bodies (RB). 
The wide distribution of these reaction products (arrows) 
sometimes makes them difficult to detect. Tropomyosin 
used to elicit anti-tropomyosin for these experiments was 
purified from porcine skeletal muscle by using preparative 
polyacrylamide slab electrophoresis. Because this muscle 
section was also taken from muscle that had been frozen and 
stored for several years and because it also was noc suained 
with lead citrate, specific myofibrillar structures are 
difficult to identify with certainty, (c) This control 
section of human nemaline myopathy muscle was treated in the 
same way described for the samples shown in (a) and (b), but 
normal rabbit serum was substituted for the anti-a-actinin 
or anti-tropomyosin. Only a very few, widely scattered, 
electron-dense reaction products are seen. This section was 
also taken from muscle that had been in frozen storage for 
several years but because it has been lightly stained with 
2% lead citrate, myofibril structures are more easily dis­
tinguished than in (a) and (b). Even under these conditions, 
however, Z-disks are not observed in all instances, 
(a) X 23,000; (b) X 23,000; (c) X 20,600.) 
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Whatever its cause, this extensive Z-disk degradation was probably 
responsible for the lack of clarity in phase micrographs of this muscle. 
It was possible, however, to determine from electron micrographs of 
samples where the Z-disks were not as extensively degraded as in the 
sample shown in Figure 38a that anti-a-actinin bound to Z-disks as 
well as to rod bodies in human nemaline myopathy muscle. 
The reaction products resulting from incubation of human nemaline 
myopathy muscle with anti-tropomyosin followed by incubation with sheep 
anti-rabbit IgG conjugated with horseradish peroxidase and reaction with 
diaminobenzidine were very widely scattered through the I-band, and 
often were difficult to detect (Figure 38b). Scattered electron-dense 
reaction products were also observed in rod bodies of nemaline myopathy 
muscle after incubation with anti-tropomyosin (arrows, Figure 38b). The 
significance of this ostensible binding of anti-tropomyosin to rod bodies 
is unclear because fluorescence microscopy gave no evidence for binding 
of anti-troponiyosin to rod bodies. It is possible that rod bodies have 
only a very few sices available for binding aûLi-Lropomyûsiû and that 
immunoperoxidase localization is more sensitive than immunofluorescence 
localization and permits detection of these few anti-tropomyosin binding 
sites. Alternatively, the few reaction products observed in rod bodies 
of nemaline myopathy muscle incubated with anti-tropomyosin may also 
be due to exposure of anti-tropomyosin binding sites in the rod bodies 
by the fixation procedures required for electron microscopy. Assuming 
that one of these explanations accounts for the small amount of anti-
tropomyosin binding to the rod bodies, the immunoperoxidase localization 
at the electron microscope level confirmed the immunofluorescence 
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localization at the light microscope level and indicated that rod bodies 
and Z-disks in nemaline myopathy muscle contain a-actinin available to 
bind antibodies but do not contain tropomyosin in a state readily avail­
able to bind antibodies. 
Smooth Muscle 
Ultrastructural distribution of filament species 
Smooth muscle fibers are long, spindle-shaped cells. The spherical, 
single nucleus occupies the thickest part of the fiber about midway along 
its length (Figure 39). The juxtanuclear sarcoplasm contains long 
slender mitochondria, a few tubular elements of granular endoplasmic 
reticulum, and numerous clusters of free ribosomes. In transverse 
section, profiles of different filament species can be identified 
(Figure 40). Thus far, at least three different filament species have 
been distinguished on the basis of their diameters in smooth muscle 
cells. These three filament species are: thin filaments, 6 to 8-nm in 
diameter (Figures 39, 40, 41); intermediate filaments, approximately 
10-nm in diameter (Figures 39, 40); and thick filaments, 15 to 16-nm in 
diameter (Figure 40). 
As discussed in the Review of Literature, convincing evidence exists 
to show that the thin, 6 to 8-nm filaments contain actin and that the 
15 to 16-nm filaments contain myosin. Protein composition of the 10-nm 
intermediate filaments, however, is unknown. Densely staining areas 
called dense bodies are scattered through the cytoplasm and seem to be 
associated with both thin and intermediate filaments (Figure 40), Similar 
condensations of densely staining amorphous areas are frequently seen 
Figure - l'électron micrograph of a transverse section of a 
chicken smooth muscle cell 
(The prominent nucleus is centrally and the 
cytoplasm contains numerous filaments approximately 
6 nm in diameter (arrows). Several dense bodies (DB) 
and attachment plaques can also be identified in 
this low magnification micrograph. X 22,000.) 
Figure 40. Electron micrograph showing attachment plaques in 
a transverse section of a chicken gizzard smooth 
muscle cell 
(The cytoplasm of this cell also contains numerous 
filaments cut in cross section. AP = attachment 
plaques. X 25,000.) 
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Figure 41. Electron micrograph showing interdigitating thick 
and thin filaments in chicken gizzard smooth 
muscle cell 
(Small groups of overlapping, 15 to 16-nm thick (M) 
and 6 to 8-nm thin (A) filaments are occasionally 
in the cytoplasm. In favorable orientations, 
ostensible crossbridges (CB) can be seen between the 
two filament species. X 30,000.) 
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subjacent to the outer cell membrane (Figure 40); these densely staining 
areas are called attachment plaques, and seem to be sites of filament 
insertion. The nature of the filaments inserting into dense bodies and 
attachment plaques has been controversial (Ashton ^  al., 1975; Rice and 
Brady, 1972; Somylo ^ ^1., 1973). Most of the filaments seen inserting 
into the attachment plaques in Figure 40 are 5 to 8-nm in diameter and, 
therefore, are ostensibly thin, actin-containing filaments. This single 
observation, however, does not eliminate the possibility that 10-nm, 
intermediate filaments insert into attachment plaques at a plane different 
from that shown in Figure 40. Because no serial sections were done, it is 
impossible from the evidence obtained in this study to make any definite 
conclusion concerning the insertion of 10-nm filaments into attachment 
plaques. 
In contrast to the observation that most filaments inserting into 
attachment plaques were 6-nm, thin filaments, measurements on diameters 
of filaments inserting into 25 different dense bodies in this study ranged 
ftum 9.0 to 11.5-nm; hence, most of the filaments inserting into dense 
bodies in the electron micrographs taken in this study seemed to be 10-nm, 
intermediate filaments. Again, however, the presence of 10-nm filaments 
inserting into dense bodies does not, in the absence of serial sections, 
eliminate the possibility that 6-nm filaments also insert into dense 
bodies in planes different from those observed in this study. 
Thick, 15 to 16-nm filaments are frequently seen interspersed among 
bundles of thin, 6-nm filaments in sections of smooth muscle (Figure 41). 
In favorably oriented sections, projections or cross-bridges can be seen 
extending between the 15 to 16-nm and 6-nm filaments (Figure 41). 
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Localization at the electron microscope level of a-actinin and tropomyosin 
in smooth muscle 
Use of the horseradish peroxidase technique for localizing antibody 
binding at the electron microscope level of resolution shows that anti-a-
actinin binds to both the attachment plaques and the intracellular dense 
bodies of chicken gizzard smooth muscle (Figure 42a). Similar experiments 
showed that attachment plaques and dense bodies in porcine uterus smooth 
muscle also bound anti-a-actinin (figures not shown here). Some of the 
attachment plaques shown in Figure 42a did not have electron-dense 
reaction product, and it is not clear whether this indicates that not 
all attachment plaques contain a-actinin available to bind antibody or 
whether the lack of reaction product on some attachment plaques is due 
to methodological difficulties. Anti-tropomyosin also seems to bind to 
intracellular dense bodies in chicken gizzard smooth muscle (Figure 42b). 
The section shown in Figure 42b stained heavier than usual during the 
light staining with 2% lead citrate that was used on immunoperoxidase 
samples, and it is very difficult to detect anti-tropomyosin binding 
to any filaments in this section. It also is impossible because of limits 
of resolution of the horseradish peroxidase technique to ascertain size 
of the filaments associated with the few electron-dense reaction products 
scattered over the filaments in Figure 42b. Because the thin, 6-nm 
filaments in smooth muscle presumably are similar to thin filaments in 
skeletal muscle and therefore should contain tropomyosin, the seeming lack 
of intense anti-tropomyosin binding to the 6-nm filaments in Figure 42b 
is very puzzling. Furthermore, because dense bodies are presumably smooth 
muscle analogues of Z-disks and the tests described earlier in this 
Figure 42. Electron micrographs of chicken gizzard smooth muscle 
showing the location of anti-a-actinin and anti-tropomyosin 
binding 
((a) Incubation with anti-a-actinin followed by incuba­
tion with sheep anti-rabbit IgG conjugated with 
horseradish peroxidase and reaction with diaminobenzidine 
produces electron-dense reaction product at both 
intercellular dense bodies (DB) and subsarcolemmal attachment 
plaques (AP). ci-Actinin used to elicit anti-a-actinin used 
in this experiment was purified from chicken gizzard with 
preparative polyacrylamide electrophoresis. The section 
has been lightly stained with 2% lead citrate, (b) This 
section has been incubated with anti-tropomyosin followed 
by sheep anti-rabbit IgG conjugated with horseradish 
peroxidase. Tropomyosin used to elicit the anti-tropomyosin 
used in this experiment was purified from chicken gizzard 
with preparative polyacrylamide electrophoresis. Intra­
cellular dense bodies contain electron-dense reaction 
product indicative of anti-tropomyosin binding, but 
elsewhere, electron-dense reaction product is widely 
scattered and is sometimes difficult to detect against 
the dark background of this section. A few scattered 
deposits of reaction product can sometimes be seen on 
filaments associated with the intracellular dense bodies 
(arrows). Section has been lightly stained with 2% lead 
citrate, (c) This control sample has been treated exactly 
the same as the samples in (a) and (b) except that normal 
rabbit serum was substituted for anti-a-actinin or anti-
tropomyosin. That only a very few electron-dense areas 
occur indicates that very little nonspecific binding of 
sheep anti-rabbit IgG conjugated with horseradish 
peroxidase occurs, (a) X 16,000; (b) X 20,000; 
(c) X 20,000.) 
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thesis showed that Z-disks did not bind anti-tropomyosin, the binding of 
anti-tropomyosin to dense bodies is also surprising. Control sections, 
however, showed that very little nonspecific antibody binding occurred in 
this experiment (Figure 42c). It was also found that anti-tropomyosin 
bound to attachment plaques (micrographs not shown here), so it seems 
unlikely that the anti-tropomyosin binding to dense bodies in Figure 42b 
is accidental. 
To establish the identity of the smooth muscle structures binding 
anti-a-actinin as dense bodies, semiadjacent sections were used, with one 
section being incubated with anti-a-actinin and the other section being 
treated in the same way except being incubated with normal rabbit serum 
in place of anti-a-actinin. Examination of corresponding structures in 
these semiadjacent sections confirmed that the anti-a-actinin binding 
structures were dense bodies (Figure 43a and b). Micrographs of other 
semiadjacent sections (not shown here) also confirmed that the subplasma-
lemmal anti-a-actinin binding structures were attachment plaques. 
Selective extraction of dense-body preparations 
The puzzling finding that anti-tropomyosin evidently bound only 
weakly and to a limited extent to the cytoplasmic filaments in smooth 
muscle cells prompted some additional attempts to determine the protein 
cùîivpùsiLion of dense bodies and their associated filaments. The approach 
selected was to extract myosin and cytoplasmic proteins from smooth 
muscle and leave dense bodies and their associated filaments as an 
insoluble residue according to the procedure described by Cooke and 
Chase (1971). These dense-body preparations were then analyzed by using 
Figure 43. Electron micrographs of semiadjacent sections of chicken 
gizzard smooth muscle showing binding of anti-a-actinin 
((a) Section that has been incubated with anti-a-actinin 
followed by sheep anti-rabbit IgG and a peroxidase-
anti-peroxidase complex (Sternberger's PAP method; see 
Materials and Methods). a-Actinin used for eliciting 
the anti-a-actinin used in these experiments was purified 
from chicken gizzard smooth muscle with preparative 
polyacrylamide slab electrophoresis. Electron-dense 
reaction product (arrows) is confined to specific areas 
in the cell, (b) A section taken semiadjacent to the 
section in (a) and treated exactly the same as the 
sample in (a) but with normal rabbit serum substituted 
for a-actinin. This micrograph shows that the structures 
containing reaction product in (a) are dense bodies 
(corresponding structures designated by arrows) and that 
dense bodies therefore contain a-actinin. X 20,000.) 
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electron microscopy and SDS-polyacrylamide gel electrophoresis of the 
preparations before and after selective extraction procedures. 
Electron micrographs of dense body preparations made by 0.6 MKCl 
extraction of minced chicken gizzard as described in the Materials and 
Methods show that these preparations contain both 10-nm (Figure 44a) and 
6-nm filaments associated with fusiform dense bodies. Negatively stained 
dense-body preparations emphasize the electron-dense nature of dense 
bodies and also reveal clumps of amorphous material attached to the 
filaments found in these preparations (Figure 45). Two days extraction 
with 2 mM Tris, 1 mM DTT, pH 7.6, removes much of the dense matrix of 
the original dense body and also removes some of the amorphous material 
associated with the filaments (Figure 46). A longer, 10-day extraction 
with the same low ionic strength solution removes all amorphous densely 
staining material associated with both the dense bodies and the filaments 
in dense-body preparations and leaves only 10-nm intermediate filaments 
(Figures 47 and 48). SDS-polyacrylamide gel electrophoresis of dense-
body preparations b^-fcrs and after 10 days extraction with the 1ot,7 ionic 
strength Tris solution shows that, before extraction, these preparations 
comprise principally five different polypeptide chains (Figure 49). These 
polypeptide chains have approximate molecular weights of 200,000 daltons, 
180,000 daltons, 100,000 daltons, 55,000 daltons, and 42,000 daltons 
(Figure 49). The 200,000 dalton polypeptide is presumably myosin that was 
not extracted during the high ionic strength extractions used to make 
these dense-body preparations because very few other known proteins have 
peptide chains as large as 200,000 daltons. This myosin must be in a 
disaggregated form because no 15 to 16-nm myosin-containing filaments 
Figure 44, Electron micrographs of dense-body preparations made 
from chicken gizzard by KCl extraction 
((a) Most filaments associated with the dense 
bodies (DB) in this preparation are 10 nm in 
diameter, (b) This dense-body preparation contains 
both 10-nm (double arrow) and 6 to 8-nm (arrows) 
filaments associated with dense bodies. X 45,000.) 
Figure 45. Electron micrograph of a negatively stained dense-body 
preparation made from chicken gizzard by KCl extraction 
(Dense bodies seen as amorphous clumps of material 
with negative staining (arrows) are associated with 
the 10-nm filaments. X 75,000.) 
Figure 46. Electron micrograph of a negatively stained chicken 
gizzard dense-body preparation after 48-hr extraction 
with 2 mM Tris, 1 mM DTT, pH 7.6 
(This relatively short-term extraction removes 
some of the amorphous material (arrows) associated 
with 10-nm filaments In these preparations. 
X 75,000.) 
Figure 47. Electron micrograph of a negatively stained chicken 
gizzard dense-body preparation after 10 days extraction 
• with 2 mM Tris, 1 mM DTT, pH 7.6 
(Ten-nm filaments are the predominant structure 
remaining after this longer extraction period and intact 
dense bodies are seen only rarely. X 80,000.) 
Figure 48. Electron micrograph.of positively stained residue 
remaining after 10 days extraction of chicken gizzard 
dense bodies with 2 mM Trls, 1 mM DTT, pH 7.6 
(Large bundles of 10-nm filaments are seen but no dense 
bodies remain. X 45,000.) 
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Figure 49= SDS-polyacrylamide gels of different fractions from 
chicken gizzard dense-body preparations before and 
after low ionic strength extraction 
(Unextracted = dense-body preparation before low 
ionic strength extraction. Extracted = dense-body 
preparation after 10 days extraction with 2 mM Tris-
HCl, 1 mM DTT, pH 7.6. Extract = material solubilized 
from dense-body preparation by extraction with 2 mM 
Tris, 1 mM DTT, pH 7,6, for 10 days. All gels are 
7-1/2% polyacrylamide and 25 mg protein was loaded 
onto each gel. Numbers at the left of the gels 
indicate approximate migration distances of poly­
peptides having those moleculat weights.) 
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are seen in electron micrographs of dense-body preparations (Figure 44a 
and b; Figure 45). The nature of the 180,000 and 55,000-dalton polypep­
tide chains is unknown, but the 100,000-dalton polypeptide chain is 
probably ot-actinin and the 42,000-dalton polypeptide chain is probably 
actin. This protein composition confirms the conclusion that dense bodies 
contain a-actinin and that dense-body preparations contain 6-nm, actin 
filaments in addition to the lO-nm, intermediate filaments (Figure 44b) 
that have been previously described (Cooke and Chase, 1971; Rice and 
Brady, 1972) as the exclusive filament species in dense-body preparations. 
The conclusion that dense bodies in dense-body preparations contain 
a-actinin has been further substantiated by showing with the immuno-
peroxidase procedure that dense bodies in these preparations bind anti-
a-actinin (results not shown here). 
Ten days of low ionic strength extraction of dense-body preparations 
with 2 mM Tris, pH 7.6, leaves a residue that contains three major 
polypeptide chains of 200,000, 180,000, and 55,000 daltons and minor 
/-* T-* .-1-Î f—1 (—V-C TIC «.J r\ t V-ILC* J-Ito J W W V dliu X-;U)UU\J UCtXLUliO XgUJLC -t ^  ^ • XliC 
protein solubilized by the 10-day, low ionic strength extraction contains 
major polypeptide chains of 200,000, 100,000, and 42,000 daltons and minor 
polypeptide chains of 55,000, 115,000, and between 115,000 and 200,000 
daltons (Figure 49). These results indicate that low ionic strength 
extraction of dense-body preparations removes a-actinin and actin along 
with some of the myosin that exists in a disaggregated form in these 
preparations. Because electron microscopy showed that low icnic strength 
extraction removed 6-nm filaments and the densely staining amorphous 
material from dense bodies in dense-body preparations and because actin 
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is a presumed component of the 6-ran filaments, these results suggest 
that the amorphous material in dense bodies is the 100,000-dalton 
a-actinin polypeptide. The possible localization of a-actinin in densely 
staining, amorphous regions will be treated in more detail subsequently 
in this thesis. Similarly, because electron micrographs showed that the 
10-day extracted residue consisted principally of 10-nm intermediate 
filaments and because the 200,000-dalton polypeptide chain is presumably 
myosin, the SDS-polyacrylamide gel of extracted dense-body preparations 
suggests that 10-nm intermediate filaments are composed of a 55,000-dalton 
polypeptide and possibly also a 115,000-dalton polypeptide. 
The SDS-polyacrylamide gels of dense-body preparations before and 
after low ionic extraction showed that these preparations contained only 
very small proportions of polypeptide chains having the approximate 
molecular weight of tropomyosin (Figure 49). Unfortunately, however, 
this finding does not permit any firm conclusion as to whether the 
filaments associated with dense bodies contain tropomyosin because it is 
possible tliat any Lropomyosin on thecp filaments was extracted by the 
high ionic strength extraction necessary to solubilize myosin and the 
cytoplasmic protein during isolation of dense-body preparations. It is 
known that high ionic strength extraction solubilizes some of the 
tropomyosin from skeletal muscle myofibrils (for example, see subse­
quently in this thesis), and it has been reported that smooth muscle 
tropomyosin is more easily solubilized than skeletal muscle tropomyosin 
(Carsten, 1968). Consequently, it seems highly probable that the 0.6 M 
KCl extraction used to solubilize myosin when making these dense-body 
preparations also solubilized considerable amounts of tropomyosin, and 
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the actual tropomyosin content of the filaments associated with dense 
bodies remains unknown. 
Fibroblasts 
Localization of g-actinin in some nonmuscle motile systems 
Morphology and distribution of filament species Morphology of 
the chick embryo fibroblasts used in this study was similar to that 
described by Perdue (1973). Cells were normally flattened and fusiform 
in shape and contained a centrally positioned nucleus (Figure 51b). The 
cytoplasm contained numerous ribosomes, either as large, free polysomes 
(Figure 50a; Figure 51a and b) or attached to a moderately developed 
endoplasmic reticulum (Figure 50a). Mitochondria (Figure 52) and vacuoles 
(Figure 50a) were observed in most cells. Large numbers of microfilaments, 
0 
approximately 60-80 A in diameter, were also seen. These microfilaments 
coursed through the cytoplasm either as individual filaments (Figure 51b; 
Figure 52) or as bundles of filaments running parallel to one another 
(Figure 51b; Figure 52). Microfilaments were particularly auuiiuaut along 
the periphery and along the dorsal and ventral surfaces of the fibro­
blasts, where they lay just within the plasma membrane and were oriented 
parallel with the longitudinal plane of the cell (Figures 50a, 51a, 52, 
and 53). Bundles of microfilaments were frequently observed at the edges 
of fusiform-shaped cells (Figure 50b) and passed into extensions of the 
plasma membranes (Figure 50b; Figure 51a and b) that have been called 
pseudopodia (Perdue, 1973). 
A second kind of filament, 10 to 11-nm in diameter, is sometimes seen 
coursing through the interior of the fibroblasts used in this study 
Figure 50. Electron micrographs of chick embryo fibroblasts 
((a) This electron micrograph shows a section through 
an extension of the cell body. Bundles of 6-nm micro­
filaments (MF) associated with densely staining amorphous 
areas that appear similar to attachment plaques 
of smooth muscle cells are seen just under the plasma-
lemma of the cell. The cell cytoplasm contains 
numerous polysomes (PS) unattached to intracellular 
membranes as well as some membrane-bound polysomes (RER). 
Several vacuoles (V) are also evident. X 15,000. 
(b) This section near the periphery of the cell shows 
several pseudopodia (P) projecting from the cell 
surface. These pseudopodia are filled with bundles of 
6-nm microfilaments (MF) having associated densely 
staining areas. Numerous lO-mn intermédiare tilamer.ts 
(I) are seen in the cytoplasm. X 25,000.) 
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Figure 51. Electron micrographs of adjacent chick embryo fibroblasts 
((a) This section shows several nseudopodia (P) 
filled with bundles of 6-nm microfilaments (MF). 
Pseudopodia from one cell extend to make close contact 
with the surface of adjacent cells. Numerous free 
polysomes (PS) and microtubules are seen in the cell 
cytoplasm, (b) This section also shows pseudopodia 
(P) from adjacent cells in close contact. The pseudo­
podia are filled with bundles of 6-nm microfilaments (HF) 
and individual 6-ran microfilaments are seen in the cell 
cytoplasm (arrows). Free polysomes (PS), mitochondria 
(M), and a large nucleus (N) are also evident. X 10,000.) 
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Figure 52. 
Figure 53. 
Electron micrograph of chick embryo fibroblast showing 
bundles of 6-nm microfilaments (MF) embedded in densely 
staining amorphous material (arrows) 
(Although densely staining amorphous material (D) 
seems associated with bundles of microfilaments, this 
material does not form as discrete an entity as dense 
bodies in smooth muscle and certainly does not resemble 
Z-disks in skeletal muscle. Single filaments (MF) and 
numerous microtubules (MT) are also seen coursing 
through the cytoplasm of this cell. X 30,000.) 
Low magnification electron micrograph of a section cut 
tangential to the adhesive surface of a flat-embedded 
chick euibryû fibroblast 
(Numerous focal areas of density (arrows) are seen 
associated with microfilaments. X 22,000.) 
198 
:&' ?K;^ :^%3fb2^ 4%a#88GK9NK%2&aC* mmm# 
199 
(Figure 50b). These 10 to 11-nm filaments can be followed for long dis­
tances in the cytoplasm because they are separate and rarely bunch or 
attach to each other (Figure 50b). No thick filaments, 15-nm in 
diameter, were seen in these fibroblasts but microtubules, 20 to 22-nm 
in diameter, were frequently observed (Figure 52). Thin sections taken 
parallel to the adhesive side of flat-embedded chick embryo fibroblasts 
showed large numbers of subplasmalenunal bundles of microfilaments on the 
substrate attachment surface of these cells (Figure 53). As Goldman and 
co-workers have described (Goldman et al., 1975), these bundles of micro­
filaments seen near the adhesive surface of the cell have densely staining 
amorphous regions scattered at irregular intervals along their length 
(Figure 52). Similar densely staining, amorphous regions are sometimes 
seen just under the plasmalemma in differently oriented sections through 
the cell (Figure 50a). These subplasmaleimal, densely staining amorphous 
regions structurally resemble the attachment plaques seen in smooth 
muscle cells (cf. Figures 40 and 50a). 
Localization at the light microscope level of a-actinin and tropomyosin 
in chick embryo fibroblasts 
Fluorescence microscopy shows that both anti-a-actinin and anti-
tropomyosin bind to chick embryo fibroblasts to reveal an extensive 
network of filaments that seem to span the entire cell (Figure 54a; 
Figure 55). Anti-a-actinin binds intensely at the periphery of the cell 
and in the pseudopodia (Figure 54a), The periodic or interrupted 
fluorescence seen along small bundles of microfilaments and the diffuse 
fluorescence seen in the interior of cells incubated with anti-a-actinin 
(Figure 54a) are similar to results reported by Lazarides (1975b; 1976) 
Figure 54. Fluorescence micrographs of glycerinated chick embryo 
fibroblast after incubation with anti-a-actinin 
((a) This fibroblast was incubated with anti-a-actinin 
followed by incubation with FITC-labeled sheep anti-
rabbit IgG. a-Actinin used to elicit anti-a-actinin 
used in this study was purified from chicken gizzard 
smooth muscle by using preparative polyacrylamide 
slab electrophoresis. The bright fluorescence 
observed along filamentous structures at the periphery 
of the cell (arrows) indicates marked binding of 
anti-a-actinin to these areas. In some instances, 
anti-a-actinin seems to bind periodically along small 
filament bundles (lines). The cytoplasm (double 
arrow) also shows considerable fluorescence, indicat­
ing anti-a-actinin binding to this region, (b) Micro­
graphs of a fibroblast treated identically to the 
fibroblast in (a) shows fluorescence of the nucleus 
observed when fibroblasts are incubated with anti-a-
actinin and FITC-labeled sheep anti-rabbit IgG. Both 
micrographs are X 1,600.) 
Figure 55. Fluorescence micrograph of glycerinated chick embryo 
fibroblast after incubation with anti-tropomyosin 
followed by incubation with FITC-labeled sheep anti-
rabbit IgG 
(Tropomyosin for eliciting anti-tropomyosin used in this 
experiment was purified from chicken gizzard by using 
preparative polyacrylamide slab electrophoresis. Bright 
fluorescence is observed along cytoplasmic filaments 
(arrows) but little or no fluorescence is seen in the 
nucleus. Close examination of the fluorescence along 
the filaments shews that it is interrupted or periodic 
rather than continuous. X 1,600.) 
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and Lazarides and Burridge (1975) in their fluorescence microscopy studies 
of anti-a-actinin binding to cells. It is interesting that anti-a-actinin 
also binds to the nucleus (Figure 54b), Lazarides (1975b, 1976) has pre­
viously noted that anti-a-actinin binds to nuclei. It seems possible that 
anti-a-actinin binding to nuclei may be related to the recent findings 
that much of the nonhistone protein in nuclei consists of contractile 
muscle protein (Douvas £t al., 1975; Jockush et al., 1974; Lestourgeon 
et al., 1975). 
In contrast to anti-a-actinin binding, anti-tropomyosin binding 
occurs to filaments that course through the interior of cells and is not 
as intense in the cell periphery (Figure 55). Close examination of the 
fluorescence produced by anti-tropomyosin binding (Figure 55) shows that 
this fluorescence also is interrupted or periodic in nature. Similar 
results have been reported by Lazarides (1975a,b; 1976) and Lazarides and 
Burridge (1975). Although the nucleus in Figure 55 evidently binds little 
or no anti-tropomyosin, Lazarides' studies (Lazarides, 1975a,b; 1976; 
Lazarides and Butridge, 1975) show that; nuclei frequently bind anti-
tropomyosin intensely, and biochemical analyses suggest that nuclei con­
tain tropomyosin (Douvas et al., 1975; Lestourgeon e^ al., 1975). Hence, 
it seems likely that failure of the nucleus shown in Figure 55 to bind 
anti-tropomyosin is an anomaly of that particular cell; this anomaly may 
be caused by unavailability of the nucleus to the anti-tropomyosin added. 
Control experiments in which normal rabbit serum was substituted for 
anti-a-actinin showed that no detectable fluorescent fibers could be 
seen in cells treated this way (not shown here); hence, no detectable non­
specific binding occurred under the experimental conditions of this study. 
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Localization at the electron microscope level of g-actinin in chick 
embryo fibroblasts 
Experiments determining location of anti-a-actinin binding at 
the electron microscope level of resolution confirmed the fluorescence 
microscopy results discussed in the preceding section and showed 
that a-actinin is widely distributed in chick embryo fibroblasts. 
Pseudopodia bind considerable anti-a-actinin (Figure 56c) and anti-a-
actinin also binds to discrete regions distributed at irregular 
intervals along microfilament bundles (Figure 57). The distribution 
of these regions and their relation to the microfilament bundles is 
very similar to that observed for the densely staining, amorphous 
regions described earlier in tangential sections near the attachment 
surface of the cell (see Figure 53). McNutt et a^. (1973) have 
suggested that these dense areas or "attachment plaques" attach the 
microfilaments to the plasma membrane. Consequently, these densely 
staining, amorphous regions may be functionally similar to dense 
bodies or attachment plaques in smooth muscle cells and to Z-disks in 
skeletal muscle cells. That these densely staining, amorphous regions 
seem to contain a-actinin extends this similarity. Control samples 
in which normal rabbit serum was substituted for anti-a-actinin had no 
electron-dense reaction product (Figure 56b) so no nonspecific anti­
body binding occurred under the experimental conditions used iii Luis 
study and location of the electron-dense reaction products in 
Figure 56a and Figure 57 accurately indicates location of a-actinin 
in these samples. 
Figure 56. Electron micrographs showing anti-a-actinin binding to 
pseudopodia in glycerinated chick embryo fibroblasts 
((a) Cells were incubated with anti-a-actinin followed 
by incubation with sheep anti-rabbit IgG conjugated 
with horseradish peroxidase and reaction with diamino-
benzidine. a-Actinin for eliciting antibodies used in 
this experiment was purified from chicken gizzard by 
using preparative polyacrylamide slab electrophoresis. 
Numerous electron-dense reaction products (arrow) are 
seen in the pseudopodia shown, (b) Cells in this 
micrograph were treated identically to cells shown in 
(a) except that normal rabbit serum was substituted 
for anti-a-actinin. No electron-dense reaction product 
is seen. X 30,000.) 
Figure 57. Electron micrograph showing anti-a-actinin binding to 
filaments in glycerinated chick embryo fibroblasts 
(Cells were incubated with anti-a-actinin followed by 
incubation with sheep anti-rabbit IgG conjugated with 
horseradish peroxidase and reaction with diaminobenzidine. 
a-Actinin used for eliciting antibodies in this experiment 
was purified from chicken gizzard by preparative 
polyacrylamide slab electrophoresis. This thin section 
was taken tangential to the substrate attachment surface 
of the cell. The cytoplasm in this area contains 
numerous darkly staining spherical objects that in some 
instances are evidently ribosomes (R) and that in other 
instances are difficult to distinguish from reaction 
product. The electron-dense reaction product in this 
micrograph, however, is generally larger than ribosomes 
and is localized in discrete areas along the microfila­
ment bundles (arrows). Distribution of these areas 
resembles distribution of the densely staining areas 
seen in a similar tangential section in Figure 53. 
X 30,000.) 
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SPS polyacrylamide gel electrophoresis of chick embryo fibroblasts 
To obtain additional information on protein composition of the 
chick embryo fibroblasts used in this study, whole glycerinated 
fibroblasts were dissolved in SDS and subjected to SDS-polyacrylamide 
gel electrophoresis. Such experiments showed that glycerinated fibro­
blasts contain large amounts of polypeptides having molecular weights 
of 42,000 and 30,000 and small amounts of polypeptides having molecular 
weights of 200,000, 100,000, 80,000, and 55,000 (Figure 58). 
Because both actin (Bray and Thomas, 1975; Perdue, 1973; Yang and 
Perdue, 1972) and myosin (Adelstein et , 1972; Ostlund et al. , 1974) 
have been purified from fibroblasts, it seems likely that the 42,000 
and 200,000-dalton polypeptides are actin and myosin, respectively. 
Several reports (Masaki, 1975; Yang and Perdue, 1972) have described 
isolation of a "small" form of tropomyosin having a subunit molecular 
weight of 30,000 daltons from fibroblasts, and it therefore seems likely 
that the 30,000-dalton polypeptide is a subunit of tropomyosin. The 
present antibody binding results shmfing that anti-a-actinin binds to 
fibroblasts and other previous results showing that a-actinin has a 
subunit molecular weight of 100,000 daltons (Goll e^ ail., 1971) make it 
seem likely that the 100,000-dalton polypeptide is a-actinin. Results 
of double diffusion tests discussed later in this thesis (Figure 68) 
also support the conclusion that fibroblasts contain a-actinin. 
The nature of the polypeptides having subunit molecular weights of 
80,000 and 55,000 daltons, however, is unknown. 
Figure 58. SDS-polyacrylamide gel of glycerinated chick embryo 
fibroblasts 
(Glycerinated fibroblasts were dissolved completely 
in 1% SDS as described in the Materials and Methods. 
The gel is 7-1/2% polyacrylamide and 25 yg of protein 
was loaded. Numbers at the left of the gel indicate 
approximate migration distances of polypeptides 
having these molecular weights.) 
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Brush Borders of Intestinal Epithelial Cells 
Fine structure of intestinal epithelial cells and their brush borders 
Fine structure of intestinal epithelial cells has been described in 
several papers (for example, see Tilney and Cardell, 1970). The apical 
surface of intestinal epithelial cells is literally filled with micro­
villi that characteristically are 1.6 to 2.0 ym long and 0.08 to 0.10 ym 
in diameter (Figure 59). A relatively undifferentiated area called the 
terminal web (Figure 59) is seen at the base of the microvilli and 
separates the microvilli from the remainder of the cell cytoplasm, which 
contains mitochondria, endoplasmic reticulum, and ribosomes. Densely 
staining amorphous areas can sometimes be observed in the terminal web 
region (Figure 59). The microvilli are filled with microfilaments 
5 to 6 nm in diameter (Figure 59). Each microvillus may contain 8 to 15 
microfilaments. These microfilaments extend from densely staining areas 
at the tips of the microvilli to insert into the terminal web area at 
the base of the microvilli (Figure 59). Loiter magnification micrographs 
of sections taken in a plane perpendicular to the one shown in Figure 59 
reveals that adjacent intestinal epithelial cells form several kinds of 
junctional complexes with each other (Figure 60). Numerous desmosomes 
are seen between adjacent cells, and examples of tight junctions or 
zonula occludens and of fascia adherens are also frequently seen beuveen 
adjacent cells. 
Forstner £t (1968) first observed that it was possible to 
isolate brush borders containing microvilli and the terminal web region 
from intestinal epithelial cells. Microvilli remain almost intact during 
Figure 59. Electron micrograph of the apical end of a porcine 
intestinal epithelial cell 
(Numerous microvilli containing a compact core of 
microfilaments. 5 to 8 nm in diameter, project from 
the surface of the cell. These microfilaments extend 
from the dense tips of the microvilli into the termi­
nal web (TW) region. The terminal web separates 
formed elements of the cytoplasm, e.g.. mitochondria 
(M)J endoplasmic reticulum (ER), and ribosomes (R), 
from the apical surface and occasionally contains 
dense amorphous regions (arrows). X 25,000.) 
Figure 60. Low magnification electron micrograph of porcine 
intestinal epithelial cells shot-jing different 
junctional complexes between adjacent cells 
(Examples of macula adherens (MA), fascia adherens 
(FA), and a zonula occludens (ZO) are shown. A few 
microvilli (m) cut in cross-section are also seea. 
X 20,000.) 
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this isolation procedure (Figure 61) and are still filled with micro­
filaments that insert into a densely staining region at the tip of the 
microvilli and that extend into the terminal web region at the micro­
villi base (Figure 61). Loss of cytoplasm from the intestinal epithelial 
cells during brush border preparation permits observation of the micro­
filament bundles for considerable distance as they insert into the termi­
nal web (Figure 61). 
Localization of a-actinin at the light and electron microscope levels of 
resolution in porcine intestinal epithelial cells 
Fluorescence micrographs of both relaxed (microvilli extended) and 
contracted (microvilli retracted into the terminal web region) brush 
borders indicate that both microvilli and the terminal web regions bind 
anti-a-actinin over their entire structures (Figure 62a and b, Figure 63a 
and b). Again, however, the lack of resolution at the light microscope 
level makes it desirable to re-examine anti-a-actinin binding to brush 
borders in the electron microscope. The immunoperoxidase procedure shows 
Luau àûi;i-a-acLXuiii binds all along the microfilament bundles in the 
microvilli (Figure 64a) and also binds to discrete areas in the terminal 
web region (Figure 64a). Because the experiments described thus far in 
this thesis indicate that anti-a-actinin frequently binds to areas that 
stain densely and appear amorphous in sections processed in the usual 
way for electron microscopy, it seems likely that the discrete areas 
that bind anti-a-actinin in the terminal web region are identical to the 
densely staining amorphous areas seen in ordinary electron micrographs 
of intestinal epithelial cells (cf_. Figures 59 and 64a) . The electron-
dense reaction product due to anti-a-actinin binding is especially 
Figure 61. Electron micrograph of a brush border isolated from an 
intestinal epithelial cell 
(Prominent microvilli, each having a central core of 
filaments that extend into the apical part of the cell, 
compose the major part of this brush border prepara­
tion. The dense tips (arrows) of the microvilli remain 
even after preparation of the brush border. Projections 
of the microfilament core of the microvilli penetrating 
into the former terminal web region (double arrows) 
are also evident. X 22,000.) 
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Figure 62. Fluorescence and phase micrographs of relaxed brush border preparation after incubation 
with anti-a-actinin 
((a) Incubation with anti-a-actinin followed by incubation with FITC-labeled sheep 
anti—rabbit IgG results in fluorescence all along the extended microvilli and also in 
the tenainal web region of relaxed brush border preparations. a-Actinin for eliciting 
anti-a-actinin used in this experiment was purified from chicken gizzard by using 
preparative polyacrylamide slab electrophoresis. (b) A phase micrograph of the same 
sample shown in the fluorescence micrograph in (a) permits Identification of the micro­
villi and terminal web regions of the brush border. Both micrographs X 1,600.) 
Figure 63. Fluorescence and phase micrographs of contracted brush border preparation after incuba­
tion with anti-a-actinin 
((a) A contracted brush border preparation treated exactly as described for the relaxed 
brush border preparation shown in Figure 62a. Both the shortened microvilli and the 
terminal web region are fluorescent indicating binding of anti-a-actinin. (b) This 
phase micrograph of the ss.me brush border sample shown in the fluorescence micrograph 
in (a) permits identification of the terminal web side (TW) and the side having the 
contracted microvilli in this preparation. Both micrographs X 1,200.) 
Figure 64. Electron micrographs showing anti-a-actinin binding to isolated brush borders 
((a) Incubation of isolated brush border with anti-a-actinin followed by incubation with 
sheep anti-rabbit IgG conjugated with horseradish peroxidase and reaction with 
diaminobenzidine leaves electron-dense reaction product all along the microvilli and 
at discrete locations in the terminal web region. The dense tips of the microvilli 
contain heavy deposits of electron-dense reaction product (arrow), a-Actinin used for 
eliciting anti-a-actinin used in this experiment was purified from chicken gizzard 
smooth muscle by using pi reparative polyacrylamide slab electrophoresis. (b) This control 
sample was treated identically to the section shown in (a) except normal rabbit serum 
was substituted for anti-a-actinin. No nonspecific antibody binding occurs. X 20,000.) 
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intense at the distal tips of the microvilli, which also were electron 
dense in normal electron micrographs (Figure 61). Substitution of normal 
rabbit serum for anti-a-actinin resulted in little or no electron-dense, 
peroxidase reaction product on brush border sections (Figure 64b). Figure 
64b does, however, show several examples of the densely staining, amor­
phous areas in the terminal web region of the brush border. 
It was also of interest to learn whether any of the specialized 
junctional complexes between adjacent intestinal epithelial cells would 
bind anti-a-actinin because the experiments on cardiac muscle described 
earlier in this thesis had shown that desmosomal regions in the inter­
calated disk contained a-actinin. Tight junctions or zonula occludens 
were seen between adjacent cells just at the base of microvilli (Figure 
65). Desmosomes or macula adherens and zonula adherens or intermediate 
junctions occurred at irregular intervals removed from the base of the 
microvilli (Figure 65). The immunoperoxidase procedure shows that anti-
a-actinin clearly binds to desmosomes between adjacent intestinal epi­
thelial cells and probably also to tight juiictioua or zonula occludens 
although the lack of detail in the lightly stained sections necessary for 
immunoperoxidase procedure makes it difficult to identify tight junctions 
with certainty (Figure 66a). Intermediate junctions or zonula adherens, 
on the other hand, evidently bind no anti-a-actinin (Figure 66a). The 
intense anti-a-actinin binding to desmosomes suggests that a-actinin may 
constitute part of the attachment plaque or dense mat characteristic of 
the desmosome. The light stain necessary for immunoperoxidase procedure, 
however, makes it impossible to identify filaments associated with the 
desmosomes in these porcine intestinal epithelial cells (Figure 66a). 
Figure 65. Electron micrograph of two adjacent porcine intestinal 
epithelial cells showing different types of junctional 
complexes between these cells 
(A tight junction (zonula occludens, ZO) is seen 
immediately beneath the surface of the cell. The zonula 
occludens is followed by an intermediate junction 
(zonula adherens, ZA) and then by a desmosome (macula 
adherens, MA). M = mitochondria, MV = microvilli 
sectioned tangentially. X 20,000.) 
Figure 66. Electron micrographs showing anti-a-actinin binding to 
junctional complexes between intestinal epithelial cells 
((a) Incubation with anti-a-actinin followed by 
incubation with sheep anti-rabbit IgG conjugated with 
horseradish peroxidase and reaction with diamonobenzidine 
leaves electron-dense reaction product at the tight 
junction or zonula occludens (double arrows) and also 
at the desmosomes (arrows). Electron-dense reaction 
product also occurs in discrete areas scattered through 
the terminal web region at the base of the microvilli 
and in the microvilli themselves. a-Actinin used for 
eliciting anti-a-actinin was purified from chicken 
gizzard by using preparative polyacrylamide slab electro­
phoresis. (b) This control sample was treated identi­
cally to the sample shown in (a) except that normal 
rabbit serum was substituted for anti-a-actinin. The 
electron-dense, amorphous areas seen in this micrograph 
have been lightly stained by the 2% lead citrate stain 
used in this procedure and are not due to peroxidase 
reaction product. Hence, little nonspecific antibody 
binding occurred under the experimental conditions used, 
(a) X 25,000. (b) X 21,000.) 
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Substitution of normal rabbit serum for anti-a-actinin resulted in no 
deposits of electron-dense peroxidase reaction product (Figure 66b). 
SDS-polyacrylamide gel electrophoresis and immunodiffusion of Pn-lf) 
crude a-actinin fractions from different sources 
Studies on smooth (Robson, Huiatt, Zeece, Goll, and Stromer, unpub­
lished observations), cardiac (Singh _et al., 1976), and skeletal muscle 
(Goll ^  al., 1972) have shown that a crude a-actinin-containing fraction 
can be prepared from all these tissues by low ionic strength extraction 
followed by salting out the extract between 0 and 30% ammonium sulfate 
saturation to produce a Pq-SQ crude a-actinin fraction. This same low 
ionic strength extraction and salting out procedure was applied to a 
brush border preparation from chick intestinal epithelial cells and to 
glycerinated chick embryo fibroblasts, and the crude Po-30 fractions 
obtained were subjected to SDS-polyacrylamide gel electrophoresis and 
Ouchterlony double diffusion to determine whether this extraction and 
salting out procedure could extract any a-actinin from brush borders or 
from fibroblasts. SDS-polyacrylamide ge"i electrophoresis shows Lhat 
extracts from both these tissues contain a 100,000-dalton component that 
migrates at the same rate as a-actinin in a Po-30 crude a-actinin frac­
tion from chicken gizzard or as purified chicken gizzard a-actinin itself 
(Figure 67). All the Pq-SO crude a-actinin fractions also contained 
sizable quantities of a 42,000-dalton polypeptide that migrated at the 
same rate as actin (Figure 67). Previous studies have shown that fibro­
blasts (Bray and Thomas, 1975; Perdue, 1973; Yang and Perdue, 1972) and 
brush borders (Tilney and Mooseker, 1971) contain actin. The Pq-SQ 
crude a-actinin fractions from brush borders and fibroblasts also contain 
Figure 67. SDS-polyacrylamide gels of Po-30 crude a-actinin 
fractions prepared from chicken gizzard, chicken 
intestinal brush border preparations, and glycerinated 
chick embryo fibroblasts 
(These crude Po-30 fractions were made according to 
the procedures described by Goll jet (1972) for 
making crude a-actinin extracts from skeletal muscle. 
All gels were 7-1/2% polyacrylamide and all except the 
one labeled "standards" were loaded with 30 yg of 
protein. Gel labeled "standards" contains 10 yg each 
of a-actinin, bovine serum albumin, actin, and 
tropomyosin loaded as standard proteins. Numbers at 
the left of the gels indicate approximate migration 
distances of polypeptides hayimg r'np. molecular weights 
indicated.) 
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considerable amounts of a 200,000-dalton polypeptide that may be myosin 
and small amounts of a 30,000-dalton polypeptide that may be tropomyosin 
(Figure 67). Although myosin has been purified from fibroblasts 
(Adelstein et , 1972; Ostlund ^  , 1974), no detailed reports have 
yet appeared describing purification of myosin from brush borders or the 
purification of tropomyosin from either brush borders or fibroblasts. 
Consequently, identification of the 30,000-dalton polypeptide in the Po-30 
crude a-actinin fractions from either brush borders or fibroblasts as 
tropomyosin must remain tentative. The nature of the 37,000-dalton 
polypeptide in the Po-30 crude a-actinin fraction from fibroblasts is 
unknown. 
Ouchterlony double diffusion experiments against anti-chicken 
gizzard a-actinin confirm that the Po-30 crude a-actinin fractions from 
chicken gizzard, brush borders, and fibroblasts all contain a-actinin 
(Figure 68). That the precipitin lines from all three PO-30 crude 
a-actinin fractions fuse indicates that the a-actinins in these fractions 
are auLigenically homologous. 
Acrosomal Process of Limulus Sperm 
Fine structure of the acrosomal process 
Several papers (Tilney, 1975; Tilney _et al., 1973) have given 
detailed morphological descriptions of echinoderm sperm. Because the 
studies described in this thesis involve only the isolated acrosomal 
processes of Limulus sperm, only the fine structure of this process will 
be discussed here. Acrosomal processes of Limulus sperm can be obtained 
in two different forms (Tilney, 1975). The true discharge form is 
Figure 68. Immunodiffusion of P0_30 crude a-actinin fractions 
prepared from chicken gizzard, chicken intestinal 
brush border preparations, and glycerinated chick 
embryo fibroblasts and of purified chicken gizzard 
a-actinin versus anti-chicken gizzard a-actinin 
(The center well contained 5 mg anti-chicken gizzard 
a-actinin and other fractions were distributed in 
the peripheral wells as follows: 1) 5 mg Po-30 crude 
a-actinin fraction from chicken gizzard; 2) 5 mg 
PO-30 crude a-actinin fraction from chicken intestinal 
brush border preparation; 3) 5 mg Pq-SO crude a-actinin 
fraction from glycerinated chick embryo fibroblast; 
4) 5 mg chromatographically purified chicken gizzard 
a-actinin; and 5) 0.5 rag chromatographically purified 
chicken gizzard a-actinin. a-Actinin used for eliciting 
the anti-a-actinin in this study was purified by using 
preparative poxyaciy j-àmidê 6elcctïûphGircSis. ) 
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elicited by addition of Ca^^ to sea water containing the sperm. A second 
form can be isolated by extracting Limulus sperm with 50% glycerol in sea 
water for 10 rain and then agitating the extracted sperm in a 0.1% 
Triton X-100, 0.1 mM EDTA, 3 mM MgCl2, 30 itiM TriS'HCl, pH 8.0 solution 
for a few minutes. When placed in this Tris solution at pH 8.0, the 
entire acrosomal process discharges to release filament bundles 50 ym 
long. Thus far, only the false discharge form of the acrosomal process 
has been isolated in a pure form (Tilney, 1975). Electron micrographs 
of acrosomal processes (false discharges) show that these processes 
contain densely packed microfilaments, 5 to 8 nm in diameter (Figure 69). 
No attempt was made in this study to count the number of microfilaments 
in each process but Tilney (1975) has reported that the number of 
microfilaments ranges from 35 to 140 per process and varies along the 
length of a single process. The microfilaments do not lie straight and 
parallel with each other in the false discharge acrosomal process as 
they do in the true discharge process, but instead are coiled around each 
other to produce a supercoil having a periodic structure in the electron 
microscope (Figure 69). Formation of this supercoil may be related to 
the observation that the acrosomal process is ejected from the sperm in 
a very rapid wormscrew-like motion during the false dishcarge (Tilney, 
1975). The corkscrew-like structure of the isolated acrosomal process is 
more evident in phase micrographs of the entire 50 ym process (Figure 70). 
Localization of oi-actinin at the light and electron microscope levels of 
resolution in the acrosomal process and in skeletal muscle myofibrils of 
Limulus 
Fluorescence micrographs indicate that anti-a-actinin binds all 
along the length of acrosomal processes released from Limulus sperm by 
Figure 69. Electron micrograph of a longitudinal section through 
an acrosomal process of Limulus sperm isolated after a 
false discharge reaction 
(The acrosomal process contains a core of densely 
packed microfilaments. 8.0 to 8.5 nm in diameter. 
These microfilaments are twisted around one another 
in the form of a supercoil to produce the longitudinal 
periodicity observed in this micrograph (lines). 
Repeating length of this periodicity is 40 nm. 
X 75,000.) 
Figure 70. Phase micrograph of an acrosomal process from Limulus 
sperm isolated after a false discharge reaction 
(The cork-screw shape of this false discharge is 
related to supercoiling of the microfilaments that 
fill the interior of this acrosomal process (see 
Figure 69). X 1,600.) 
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the false discharge reaction (Figure 71a and b). The relatively weak 
intensity of the fluorescence observed in Figure 71a suggests that very 
little anti-a-actinin binds per unit length of the Limulus acrosomal 
process, but no periodicity in anti-a-actinin binding is detectable 
at the light microscope level of resolution (Figure 71a). 
Examination of anti-a-actinin binding to the acrosomal process in 
the electron microscope by using the immunoperoxidase procedure revealed 
two different patterns of anti-a-actinin binding. In acrosomal processes 
that evidently had been sectioned in a plane near their surface, the 
electron-dense peroxidase reaction product was widely scattered all along 
the length, of the acrosomal process (Figure 72a). The widely scattered 
nature of the electron-dense, peroxidase reaction products in these 
samples (Figure 72a) is consistent with the generally weak fluorescence 
observed when anti-a-actinin binding was examined with phase microscopy 
(cf. Figure 71a) and suggests that a-actinin is either not readily 
available for antibody binding in these samples or that a-actinin 
constitutes only a relatively small proportion of total protein in the 
acrosomal processes. This conclusion must be regarded as very tentative, 
however, because no attempt was made in these studies to quantitate the 
degree of antibody binding. A second pattern of anti-a-actinin binding 
was observed in acrosomal processes sectioned in a plane closer to their 
center. In these samples, anti-a-actinin again bound all along the 
acrosomal process, but a distinct 34-nm periodicity could frequently be 
seen in the anti-a-actinin binding (Figure 72b). It is possible that 
this 34-nm periodicity is related to the approximately 38-nm periodicity 
of skeletal muscle actin filaments and to the 38.5-nm periodicity 
Figure 71. Fluorescence and phase micrographs showing binding of 
anti-a-actinin to an acrosomal process isolated from 
Limulus sperm after a false discharge 
((a) Incubation of the acrosomal process with anti-a-
actinin followed by incubation with FITC-labeled sheep 
anti-rabbit IgG results in weak fluorescence along the 
entire length of the acrosomal process. a-Actinln used 
for eliciting the antibodies used in this experiment 
was purified from chicken gizzard by using preparative 
polyacrylamlde slab electrophoresis, (b) Phase micro­
graph of the same acrosomal process shown in (a) confirms 
that fluorescence extends along the entire length 
of the acrosomal process. X 1,000.) 
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Figure 72. Electron micrographs showing anti-a-actinin binding to an 
acrosomal process isolated from Limulus sperm after a false 
discharge 
((a) Incubation with anti-a-actinin followed by incubation 
with sheep anti-rabbit IgG conjugated with horseradish 
peroxidase and reaction with diaminobenzidine leaves 
electron-dense peroxidase reaction products scattered 
widely over the entire length of the acrosomal process. 
This pattern was obtained most frequently in this type of 
experiment, and no periodicity of anti-a-actinin binding 
was observed. a-Actinin for eliciting anti-a-actinin used 
in these experiments was purified from chicken gizzard by 
using preparative polyacrylamide slab electrophoresis, 
(b) A second pattern of electron-dense peroxidase reaction 
product observed when anti-a-actinin was incubated with 
an acrosomal process. The experimental conditions are 
identical to those described for (a). Although electron-
dense reaction product is again scattered widely along 
the entire length of the acrosomal process, a 34-nm 
periodicity of reaction product can be seen in some areas 
the nonperiodic binding shown In (a) was. (c) This control 
section was treated identically to the sections shown in 
(a) and (b) but normal rabbit serum was substituted for 
anti-a-actinin. The lack of electron-dense peroxidase 
reaction products in this section indicates absence of 
nonspecific antibody binding under the experiment 
conditions used, (a) X 50,000; (b) X 44,000; (c) X 50,000.) 
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observed by Tilney (1975) in microfilaments in acrosomal processes 
released by true discharge. Supercoiling of the microfilaments in the 
false discharge acrosomal processes could reduce the observed length 
of the 38-nm periodicity slightly. This same supercoiling may cause 
lack of register of a-actinin binding to the microfilaments near the 
periphery of the acrosomal processes and thereby result in the widely 
scattered distribution of anti-a-actinin binding to acrosomal processes 
sectioned near their periphery (Figure 72a). No electron-dense 
peroxidase reaction products were seen when normal rabbit serum was 
substituted for anti-a-actinin (Figure 72c) so no nonspecific antibody 
binding occurred under the experimental conditions used in this study. 
The relatively weak fluorescence observed when anti-a-actinin 
binding to Limulus acrosomal process was examined in the fluorescence 
microscope may have been due to lack of homology of Limulus a-actinin 
with chicken gizzard a-actinin. To test this possibility, some of the 
anti-a-actinin used in the experiments with acrosomal processes was 
incubated wii-h myufibiils ptepâLeu fruiii Limulus leg skeletal muscle to 
determine whether this anti-a-actinin would bind as intensely to Z-disks 
in these myofibrils as it did to Z-disIcs in skeletal muscle myofibrils. 
The results indicate that anti-chicken gizzard a-actinin binds intensely 
and exclusively to Z-disks of Limulus skeletal muscle myofibrils (Figure 
73a and b). Consequently, it seems unlikely that the weak fluorescence 
observed in fluorescence micrographs of acrosomal processes incubated 
with anti-a-actinin was due to lack of homology between chicken gizzard 
and Limulus a-actinins. 
Figure 73. Fluorescence and phase micrographs showing anti-a-actinin 
binding to Limulus skeletal muscle myofibrils 
((a) Incubation with anti-a-actinin followed by incubation 
with FITC-labeled sheep anti-rabbit IgG results in 
fluorescence exclusively at the Z-disks of Limulus 
myofibrils, (b) This phase micrograph of the same myo­
fibril shown in (a) permits identification of the 
fluorescent structure in (a) as Z-disks. Note especially 
the two Z-disks flanking the nearly 90° turn in the myo­
fibril (arrows). X, 1,600.) 
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Attempts to Determine the Molecular Architecture of the Z-Disk 
Studies on tadpole and frog myofibrils 
Rationale of the studies The uncertainty and differences of 
opinion concerning protein composition of the Z-disk have been discussed 
in detail in the Review of Literature in this thesis. Before 1967, it 
was generally assumed that the Z-disk contained tropomyosin because 
sections through tropomyosin crystals were ultrastructurally similar to 
cross-sections through the Z-disk (Huxley, 1957), because one study 
reported that tropomyosin antibodies sometimes bound to the Z-disk 
(Endo _et _al., 1966), and because Z-disks and tropomyosin were frequently 
extracted simultaneously from myofibrils (Corsi and Perry, 1958; Corsi 
et _al., 1967). It was subsequently shown, however, that the dense 
material of Z-disks could be reconstituted in Z-disk-extracted myofibrils 
by incubation with protein fractions that contained no tropomyosin 
(Stromer ejt _al., 1967, 1969) and that anti-tropomyosin only rarely bound 
to Z-disks, if indeed, it ever bound at all (Pepe, 1966), At this same 
time, several indirect lines of evidence indicated that Z-disks contained 
ct-actinin (GoU £1: _al. , 1967, 1969; Masaki _et £l., 1967), and it became 
generally accepted that Z-disks were composed of a-actinin. More detailed 
studies with highly purified a-actinin, however, showed that a-actinin 
would not reconstitute Z-disks in Z-disk-extracted myofibrils (Stromer 
and Goll, 1972), and that skeletal muscle myofibrils contained only 2 
to 3% of their protein as a-actinin (Goll et , 1972; Rob son et al., 
1970; Suzuki et , 1973), whereas Z-disks constituted 5 to 6% of total 
myofibrillar mass (Huxley and Hanson, 1960). The studies described thus 
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far in this thesis have clearly shown that anti-a-actinin binds exclu­
sively to Z-disks in both skeletal and cardiac myofibrils and that 
anti-tropomyosin does not bind to Z-disks. It was also noticed, however, 
that anti-a-actinin binds to dense bodies and attachment plaques in 
smooth muscle, and to attachment plaques and desmosomes in other tissues. 
Indeed, the results described thus far in this thesis indicate that 
anti-a-actinin binds in general to amorphous regions that stain densely 
with ordinary electron microscope stains. Because it was clear that 
Z-disks contained a-actinin but that myofibrils did not contain suffi­
cient a-actinin to account for all the protein in the Z-disk, and because 
Kelly and Cahill (1972) had shown that Z-disks contained two separate 
components, one a filamentous component and the other a densely staining 
amorphous component present in different amounts in different species, 
it seemed possible that only the amorphous component in Z-disks was 
composed of a-actinin and that the filamentous component was composed 
of a different protein or proteins that was inaccessible to added anti­
bodies because it was surrounded by the amorphous component. The early 
evidence indicating that Z-disks contained tropomyosin and the known 
filamentous nature of the tropomyosin molecule made it seem likely that 
at least part of the filamentous component of the Z-disk might be 
tropomyosin. 
The rationale described in the preceding paragraph therefore led 
to efforts to determine the separate protein composition of the amorphous 
component and the filamentous component of Z-disks. Three different types 
of studies will be described in this thesis. In the first type of study, 
the antibody-binding characteristics and protein composition of myofibrils 
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having very little amorphous component in their Z-disks were compared 
with the same properties of myofibrils having more abundant amorphous 
component. The tail myotomes of Rana pipiens tadpoles were chosen as 
an example of muscle whose Z-disks contain little amorphous material 
(Franzini-Armstrong and Porter, 1964; Kelly, 1969) because the amount of 
amorphous material in Rana pipiens Z-disks increases during development 
and Z-disks in adult frog muscle contain appreciable amorphous material, 
although not as much as Z-disks in most mammalian muscle. Therefore, by 
using tadpoles and adult frogs, the antibody-binding characteristics 
and protein composition of myofibrils having Z-disks with little 
amorphous material could be compared with the same properties in 
myofibrils having Z-disks with appreciable amorphous component within 
the same species. 
The second type of experiment described in this thesis involved 
efforts to selectively extract the amorphous component from muscles with 
Z-disks that had considerable amorphous component and then analyzing the 
protein composition, of the c::tr2ct and the antibody-binding prnpprtiep 
of the unextracted material to determine whether uncovering the 
filamentous component by extraction of the amorphous component would 
permit anti-tropomyosin binding to the Z-disk region. 
A third type of experiment involved selective extraction of as many 
of the non-Z-disk myofibrillar proteins as possible while leaving the 
Z-disk intact. The protein composition of these partly purified Z-disk 
preparations was then examined and compared with the known protein 
composition of skeletal muscle myofibrils. This third approach was 
necessary because it was possible that Z-disks contained a new, as yet. 
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undiscovered protein that obviously would not be discovered by antibodies 
to the known myofibrillar proteins. As will be shown, this third approach 
has unveiled some interesting possibilities regarding Z-disk structures. 
Results from these three experimental approaches will be discussed 
in order, beginning with the studies on tadpole and adult Rana pipiens 
Z-disks. 
Fine structure of adult frog and tadpole Z-disks 
Transverse sections through adult frog (Figure 74) and 7-day tadpole 
(Figure 75) Z-disks clearly show that adult frog Z-disks have more 
amorphous or matrix component than tadpole Z-disks do. The square lattice 
openings, which are approximately 22 nm on a side, are almost completely 
filled with amorphous component in adult frog Z-disks (Figure 74) and the 
Z-filaments are nearly completely obscured (Figure 74). On the other hand, 
Z-filaments and the rhomboidal lattice openings are clearly seen in 
cross-sections through 7-day tadpole Z-disks (Figure 75). The different 
content of amorphous or matrix component in adult frog (Figure 76) and 
7-day tadpole (Figure 77) Z-disks is not as obvious in longitudinal 
sections as it is in cross-sections. Indeed, density of adult frog and 
7-day tadpole Z-disks differs little in longitudinal section (cf. Figures 
76 and 77), and the most evident difference between longitudinal sections 
of adult frog and 7-day tadpole Z-disks is their width. An average Z-
0 
disk width of 620 A was measured in 10 adult frog myofibrils whose 
average sarcomere length was 2.3 ym, whereas an average Z-disk width of 
0 
540 A was measured in 10 7-day tadpole myofibrils whose average sarco­
mere length was 2.4 ym. 
Figure 74. Transverse section through an adult Rana pipiens 
sartorius Z-disk 
(The spaces in the Z-disk matrix (arrow) are filled 
with electron-dense amorphous material. Note that 
the thin filaments form a regular square lattice as 
they approach the Z-disk (lines). X 50,000.) 
Figure 75. Transverse section through a 7-day Rana pipiens 
tadpole Z-disk 
(The spaces in the Z-disk matrix (arrow) of this 
muscle at an early stage in development contain little 
electron-dense, amorphous material, although the regu­
lar rhomboidal lattice (lines) is present. X 90,900.) 
Figure 76. Longitudinal section through an adult Rana pipiens 
sartorius Z-disk 
(Although Z-disks in adult Rana pipiens skeletal muscle 
do not contain as much electron-dense, amorphous 
material as Z-disks in many mammalian skeletal myofibrils, 
the fibrillar nature of the Z-disks in this section is 
partly obscured by amorphous material. X 21,000.) 
Figure 77. Longitudinal section through a 7-day Rana pipiens 
tadpole Z-disk 
(The different content of amorphous material in 
Z-disks of adult frogs and 7-uay tadpole muscle is 
not as obvious in longitudinal section as it is 
in cross-section because the fibrillar structure 
of the Z-disks in this tadpole muscle is also partly 
obscured. X 31,300.) 
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Localization at the light microscope level of g-actlnln and tropomyosin 
in adult frog and tadpole myofibrils 
Fluorescence microscopy of adult frog myofibrils shows that anti-a-
actinin binds exclusively to Z-disks (Figure 78a), whereas anti-
tropomyosin binds to the I-band and does not bind to a cleft at the 
level of the Z-disk (Figure 78c). These results are identical to those 
obtained when porcine psoas or porcine papillary myofibrils were incu­
bated with anti-a-actinin or anti-tropomyosin (cf. Figures 22, 23, 26, 
27 with 78). When the same experiments were done with 7-day tadpole 
myofibrils, however, anti-a-actinin binding as estimated by intensity 
of the fluorescence seemed much less than it was for adult frog myofibrils 
although it was still limited to the Z-disk (Figure 79a). Anti-
tropomyosin, on the other hand, bound to both I-bands and to the Z-disk 
region of 7-day tadpole myofibrils (Figure 79c). Control samples in 
which normal rabbit serum was substituted for the anti-a-actinin or 
anti-tropomyosin showed no fluorescence (Figure 79b and d); hence, no 
nonspecific antibody binding occurred under the experimental conditions 
used in this study. 
Localization at the electron microscope level of g-actinin and tropomyosin 
in adult frog and tadpole myofibrils 
That anti-tropomyosin, as determined by fluorescence microscopy, 
seemed to bind to Z-disks in 7-day tadpole myofibrils but not in adult 
frogs agreed with the hypothesis presented in the rationale of this 
section that large quantities of the amorphous or matrix component may 
prevent binding of anti-tropomyosin to Z-filaments in Z-disks. The limit 
of resolution of light microscopy, however, made it necessary to confirm 
Figure 78. Fluorescence micrographs showing anti-a-actinin and 
anti-tropomyosin binding to adult Rana pipiens myofibrils 
((a) Incubation with anti-a-actinin followed by incubation 
with FITC-labeled sheep anti-rabbit IgG results in 
fluorescence exclusively at the Z-disk in adult frog 
myofibrils. a-Actinin for eliciting the anti-a-actinin 
used in this experiment was purified from porcine skele­
tal muscle by using preparative polyacrylamide slab 
electrophoresis, (b) This phase micrograph of the same 
myofibril shown in (a) confirms that the fluorescent 
structures are Z-disks. (c) Myofibril treated the same 
as the myofibril shown in (a) except that anti-tropomyosin 
was substituted for anti-a-actinin. Tropomyosin for 
elicijting anti-tropomyosin used in this study was purified 
from porcine skeletal muscle by using preparative poly­
acrylamide slab electrophoresis. Anti-tropomyosin binds 
to the I-band and leaves a nonfluorescent cleft at the 
Z-disk. (d) Phase micrograph of the same myofibril shown 
in (c) confirms that the fluorescent structures in (c) 
are I-bands. Myofibril in (d) is shifted relative to the 
myofibril in (c) and arrows in (c) and (d) point to the 
same locations on the ixio myofibrils. All micrographs 
X ljuOC.) 
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Figure 79. Fluorescence micrograph showing anti-a-actinin and anti-
tropomyosin binding to 7-day Rana pipiens tadpole myofibrils 
((a) Incubation with anti-a-actinin followed by incubation 
with FITC-labeled sheep anti-rabbit IgG results in barely 
detectable fluorescence exclusively at Z-disks. This very 
weak fluorescence indicates that very little anti-a-
actinin binds to 7-day Rana pipiens tadpole myofibrils. 
a-Actinin for eliciting anti-a-actinin used in this 
experiment was purified from porcine skeletal muscle by 
using preparative polyacrylamide slab electrophoresis, 
(b) This phase micrograph of the same myofibril shown in 
(a) permits identification of the weakly fluorescent areas 
in (a) as Z-disks. (c) Incubation with anti-1;ropomyosin 
followed by incubation with FITC-labeled sheep anti-
rabbit IgG results in fluorescence over both the I-band 
(1) and the Z-disk. Tropomyosin for eliciting the anti-
tropomyosin used in this experiment was purified from 
porcine skeletal muscle by using preparative polyacryla­
mide slab electrophoresis. X 2,300.) 
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at the electron microscope level that anti-tropomyosin binds to Z-disks 
of 7-day tadpoles. Use of the immunoperoxidase procedure showed that 
anti-a-actinin binds only to Z-disks in adult frog myofibrils (Figure 
80a), just as was previously shown for anti-a-actinin binding to porcine 
skeletal and porcine papillary myofibrils. Anti-tropomyosin binds to 
adult frog myofibrils profusely through the I- and A-bands, and the 
presence of a few electron-dense reaction products on the Z-disks 
indicates that some anti-tropomyosin bound to Z-disks even in adult frog 
muscle (Figure 80b). Direct comparison at the electron microscope level 
of anti-tropomyosin binding to adult frog and to porcine papillary 
myofibrils confirms that significant quantities of anti-tropomyosin bind 
to Z-disks in adult frog myofibrils, but Z-disks of porcine papillary 
myofibrils bind almost no anti-tropomyosin (Figure 81a and b). Because 
Z-disks in porcine papillary myofibrils contain large amounts of the 
amorphous or matrix component, whereas, as indicated previously, Z-
disks in adult frog myofibrils contain lesser amounts of this component, 
uiic i.xtiuxiig uiiCL I, xii ciuuj.u cmxcxcuciu. uxiiu oiua.a.x cnuvuituo Ui. 
anti-tropomyosin but Z-disks in porcine papillary myofibrils bind almost 
no anti-tropomyosin is again in accord with the hypothesis that large 
amounts of amorphous component prevent anti-tropomyosin binding to Z-
disks. 
The most peculiar feature of anti-tropomyosin binding, and a 
property that was observed through this entire thesis, was the relatively 
sparse binding of anti-tropomyosin to thin filaments, which presumably 
contain tropomyosin along their entire length. Electron-dense, 
peroxidase reaction product indicative of anti-tropomyosin binding 
Figure 80. Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to adult Rana pipiens sartorius 
((a) Incubation with anti-a-actinin followed by incubation 
with sheep anti-rabbit IgG conjugated with horseradish 
peroxidase and reaction with diaminobenzidine leaves 
electron-dense, peroxidase reaction products exclusively 
at the Z-disks. a-Actinin for eliciting anti-a-actinin 
used in these experiments was purified from porcine 
skeletal muscle by using preparative polyacrylamide slab 
electrophoresis, (b) Muscle sample treated identically 
to that shown in (a) but with anti-tropomyosin substituted 
for anti-a-actinin. Electron-dense, peroxidase reaction 
products are profusely scattered through the I-band and 
the A-band (arrows), and in some instances, occur very 
close to and on the Z-disk (double arrows). (c) This 
control sample was treated identically to the samples 
shown in (a) and (b) but had normal rabbit serum substi­
tuted for anti-a-actinin or anti-tropomyosin. The lack 
of electron-dense, peroxidase reaction products shows 
that very little nonspecific antibody binding occurred 
X 29,300.) 
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Figure 81. Electron micrographs comparing anti-tropomyosin binding 
to porcine papillary and to adult Rana pipiens myofibrils 
((a) Incubation of glycerinated porcine papillary myo­
fibrils with anti-tropomyosin followed by incubation with 
sheep anti-rabbit IgG conjugated with horseradish 
peroxidase and reaction with diaminobenzidine leaves 
electron-dense reaction product on I-bands and A-bands. 
Note the periodicity of anti-tropomyosin binding in the 
A-band. This same periodicity was observed earlier 
(Figure 29b). Only a few, sparse deposits of electron-
dense reaction product are seen on Z-disks (Z) and 
M-lines (M); hence, little anti-tropomyosin is bound to 
Z-disks and M-lines in porcine papillary myofibrils. 
Tropomyosin used for eliciting the anti-tropomyosin used 
in this experiment was purified from porcine cardiac muscle 
by using preparative polyacrylamide slab electrophoresis, 
(b) Section of adult Rana pipiens muscle treated in the 
same way as the porcine papillary muscle shown in (a) 
except that anti-skeletal tropomyosin was used instead of 
anci-cardiac tropomyosin. Tropouiyoaiii IOL elicitirig the 
anti-tropomyosin used in this experiment was purified 
from porcine skeletal muscle by using preparative poly­
acrylamide slab electrophoresis. As described for the 
papillary myofibrils in (a), electron-dense, peroxidase 
reaction products are distributed over the A- and I-bands. 
In this sample of adult Rana pipiens myofibrils, however, 
many electron-dense reaction products are deposited on the 
M-line (M) and near the Z-disk (Z) and a few deposits occur 
on the Z-disk itself (arrow). (a) X 36,000; (b) X 34,000.) 
a 
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is sparse and widely scattered over thin filaments In the porcine skeletal 
and cardiac myofibrils shown in Figures 28b and 29b, even though 
fluorescence micrographs showed intense fluorescence in the I-band when 
the same anti-tropomyosin was used in experiments at the light microscope 
level (c£. Figure 23a and Figure 27a). This same phenomenon of ostensibly 
weak anti-tropomyosin binding to I-bands in electron microscope studies 
was also observed during experiments with chicken gizzard smooth muscle 
(cf. Figure 42b) where 6-nm filaments presumably contain tropomyosin all 
along their length but have very little electron-dense reaction product 
associated with them in the immunoperoxidase procedure. It seems very 
unlikely that this difference in I-band binding is due to any inherent 
differences in sensitivity of detecting antibody binding between the 
immunofluorescent and the immunoperoxidase procedures. Indeed, the 
ability of the immunoperoxidase procedure to detect a small amount of 
anti-tropomyosin binding to Z-disks of adult frog myofibrils (Figures 80 
and 81b) when the immunofluorescent procedure detected no anti-tropomyosin 
binding uo these Z-disks (Figure 75c) suggests chat the immunoperoxidase 
procedure may be the more sensitive of these tifo procedures. Recent 
findings (Lehrer, 1976) have shown that some fixation procedures used for 
electron microscopy have marked effects on actin structure, and it is 
possible that the seemingly weak anti-tropomyosin binding to I-bands in 
the immunoperoxidase procedure is due to effects of fixation on 
the electron-dense peroxidase reaction product. Indeed, Figure 80b, 
which shows quite profuse distribution of electron-dense peroxidase 
reaction product over the I-band after incubation with anti-tropomyosin, 
was subjected to glutaraldehyde fixation before reaction with the 
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dlaminobenzidine in contrast to the Zamboni fixation procedure used at 
this stage for all the other experiments described in this thesis. 
Additional study is needed, however, to establish the cause of the 
relative lack of anti-tropomyosin binding to I-bands in the immuno-
peroxidase procedure. 
When examined in the electron microscope, anti-a-actinin binding to 
7-day tadpole myofibrils was limited to the Z-disk (Figure 82a), although 
the amount of electron-dense peroxidase reaction product was smaller than 
in experiments determining anti-a-actinin binding to porcine skeletal 
(Figure 28a), porcine papillary (Figure 29a) or adult frog skeletal 
(Figure 80a) myofibrils. Limited anti-a-actinin binding to 7-day tadpole 
Z-disks would be expected if a-actinin constitutes part of the amorphous 
or matrix component of the Z-disk because 7-day tadpole Z-disks contain 
relatively small amounts of this component (cf. Figures 74 and 75). 
Anti-tropomyosin binding to 7-day tadpole myofibrils was most prominent at 
the level of the Z-disk (Figure 82b), Again, electron-dense peroxidase 
reaction products indicating anti-tropomyosin binding were very sparse 
and widely scattered over the I-band (Figure 82b), even though the I-band 
clearly bound anti-tropomyosin in experiments at the light microscope 
level (Figure 79c and d). Substitution of normal rabbit serum for anti-
a-actinin or anti-tropomyosin showed that no nonspecific antibody binding 
occurred in the experiments with either adult frog muscle (Figure 80c) 
or 7-day tadpole muscle (Figure 82c). 
Stromer and coworkers (Stromer and Goll, 1972; Stromer _et al., 1967, 
1969) have shown that several days extraction of glycerinated muscle 
strips with a 2 mM Tris*HCl, 1 mM DTT, pH 7.6 solution removes much of 
Figure 82. Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to 7-day Rana plpiens tadpole myofibrils 
((a) Incubation with anti-a-actinin followed by incubation 
with sheep anti-rabbit IgG conjugated with horseradish 
peroxidase and reaction with diaminobenzidine leaves a 
very small amount of electron-dense, peroxidase reaction 
product at the Z-disk (Z). No reaction product is seen 
on the other parts of the myofibril. a-Actinin used for 
eliciting the anti-a-actinin used in this experiment was 
purified from porcine skeletal muscle by using preparative 
polyacrylamide slab electrophoresis, (b) Sample of muscle 
treated identically to that described for the sample in 
(a) except that anti-tropomyosin was substituted for 
anti-a-actinin. Tropomyosin used for eliciting anti-
tropomyosin was purified from porcine skeletal muscle by 
using preparative polyacrylamide slab electrophoresis. 
Electron-dense peroxidase reaction product is most 
prominent on the Z-disk (arrows) but is also very sparsely 
scattered over the A- and I-bands (see double arrows for 
examples), (c) This control section was treated identi­
cally to the sections shown in (a) and (b) except that 
normal rabbit serum was substituted for anti-a-actinin 
or anti-tropomyosin. The lack of electron-dense, peroxi­
dase reaction products indicates that little nonspecific 
antibody binding occurred under the experimental conditions 
used here, (a) X 14,000; (b) X 29,300; (c) X 14,000.) 
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the amorphous or matrix material from Z-disks. If the amorphous or 
matrix material prevents anti-tropomyosin from binding to Z-disks as 
has been suggested in this thesis, then removal of this component from 
adult frog Z-disks by 2 ÏÏM Tris extraction should lower anti-ct~actinin 
binding and increase anti-tropomyosin binding to Z-disks. Consequently, 
the low ionic strength procedure developed by Stromer et ^ 1. (1969) was 
used to extract myofibrils from adult frog sartorious muscle for 2 days 
to remove part of the amorphous component from the Z-disks in these myo­
fibrils. Ability of these extracted myofibrils to bind anti-a-actinin 
and anti-tropomyosin was then assayed with the iiranunoperoxidase procedure 
at the electron microscope level. Although the amount of antibody bound 
was not quantitated, it is clear that Z-disks in low ionic strength-
extracted adult frog myofibrils contain much less electron-dense 
reaction product indicative of anti-a-actinin binding than Z-disks in 
unextracted frog myofibrils (^f. Figures 80a and 83a), Indeed, based on 
the amount of electron-dense peroxidase reaction product deposited, Z-disks 
in low ionic strength Extracted adalt ftug myofibrils bind about the same 
amount of anti-a-actinin as 7-day tadpole Z-disks, which have very little 
amorphous component (cf. Figures 82a and 83a). Consequently, these results 
on anti-a-actinin binding to low ionic strength-extracted adult frog 
myofibrils are consistent with the hypothesis that low ionic strength 
extraction removes the amorphous component from skeletal muscle Z-disks 
and that the amorphous component contains a-actinin. Anti-tropomyosin 
binds both to A- and I-bands and directly to Z-disks of low ionic 
strength-extracted adult frog myofibrils (Figure 83b). Although 
electron-dense reaction products are observed all along the Z-disks in 
Figure 83. Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to adult Rana pipiens myofibrils after 
extraction for 2 days with 2 mM Tris-HCl, 1 mM DTT, pH 7.6 
((a) Incubation of extracted myofibrils with anti-a-
actinin followed by incubation with sheep anti-rabbit IgG 
conjugated with horseradish peroxidase and reaction with 
diaminobenzidine leaves a very small amount of electron-
dense peroxidase reaction product exclusively at the 
Z-disks. Note that 2 days of low ionic strength extraction 
substantially reduces the amount of electron-dense 
peroxidase reaction product deposited at the Z-disk of 
adult Rana pipiens myofibrils (cf. Figure 80a). a-Actinin 
for eliciting the anti-a-actinin used in this experiment 
was purified from porcine skeletal myofibrils by using 
preparative polyacrylamide slab electrophoresis, (b) This 
sample of low ionic strength-extracted adult Rana pipiens 
muscle was treated identically to the sample shown in (a) 
except that anti-tropomyosin was substituted for anti-a-
actinin. Tropomyosin used for eliciting anti-tropomyosin 
used in this experiment was purified from porcine skeletal 
itiuowxc uy uoxLig o J-au — 
phoresis. Electron-dense peroxidase reaction products 
are difficult to see because they are widely scattered 
but sparse deposits are seen over the I- and A-bands 
(double arrows) and somer-zhat more frequently on the Z-disk 
(arrows), (c) This control section was treated identi­
cally to the sections shown in (a) and (b) except that 
normal rabbit serum was substituted for anti-a-actinin or 
anti-tropomyosin. The absence of electron-dense peroxi­
dase reaction products indicates that no nonspecific 
antibody binding occurred under the experimental conditions 
used, (a) X 29,300; (b) X 31,300; (c) X 28,600.) 
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low ionic strength-extracted adult frog myofibrils (Figure 83b), the 
scattered distribution of these reaction products makes it difficult 
to judge whether more anti-tropomyosin binds to Z-disks in these low 
ionic strength-extracted adult frog myofibrils than to Z-disks in the 
corresponding unextracted myofibrils (cf. Figures 80b, 81b, and 83b). 
It is clear, however, that Z-disks in both these low ionic strength-
extracted adult frog myofibrils (Figure 83b) and in 7-day tadpole 
myofibrils (Figure 82b) bind some anti-tropomyosin and that Z-disks 
in these myofibrils must therefore contain some tropomyosin. Substi­
tution of normal rabbit serum for anti-a-actinin or anti-tropomyosin 
showed that no nonspecific anti-body binding occurred in these experi­
ments (Figure 83c). 
SDS-polyacrylamide gel electrophoresis of adult frog and tadpole 
myofibrils 
SDS-polyacrylamide gels of myofibrils purified from adult frog 
sartorius and 7-day tadpole skeletal muscle by using the procedure 
that myofibrils from both sources contain myosin, a-actinin, actin, and 
tropomyosin (Figure 84). The gels of adult frog and 7-day tadpole 
rayoribrils shown in Figure 84 were not run at the same time so migration 
distances of actin and tropomyosin differ between the two gels. The 
7-day tadpole myofibrils contain a 130,000-dalton component that is not 
prominent in the adult frog myofibrils, and are missing a band in the 
37,000 to 40,000-dalton region where troponin-T is normally found (Figure 
84). The 7-day tadpole myofibrils also have less material migrating in 
the troponin-I region of the gels than the adult frog myofibrils possess. 
Figure 84. SDS-polyacrylamide gels of skeletal muscle myofibrils 
from adult Rana pipiens and from 7-day Rana pipiens tadpoles 
(All gels were 7-1/2% polyacrylamide and 33 yg of protein 
were loaded onto gels designated "adult" and "tadpole." 
Gel designated "standards" contains 10 yg each of 
purified porcine skeletal oi-actinin, purified bovine 
serum albumin, purified porcine skeletal actin, and 
purified porcine skeletal tropomyosin. Numbers at the 
left of the gels indicate approximate migration distances 
of polypeptides having that molecular weight. The ratio 
of ot-actinin (100,000-dalton band) to actin (42,000-dalton 
band) seems less in tadpole myofibrils than in adult 
myofibrils although gel quantitation procedures are 
necessary to establish the size of this difference.) 
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It is very difficult to distinguish troponin-C on 7.5% polyacrylamide 
gels, so relative troponin-C contents of adult frog and 7-day tadpole 
myofibrils cannot be determined from these gels. As will be discussed 
in the next section, however, ATPase activity of 7-day tadpole myo-
O I 
fibrils is less sensitive to Ca than ATPase activity of adult frog 
myofibrils; this observation together with the SDS-polyacrylamide gels 
shown in Figure 84 suggests that 7-day tadpole myofibrils contain less 
troponin than adult frog myofibrils. The nature of the 130,000-dalton 
component in the 7-day tadpole myofibrils is unknown; it may be related 
to the 130,000-dalton component seen in abundance in smooth muscle myo­
fibrils (Sobieszek and Bremel, 1975) or it may simply be C-protein (Offer 
et , 1973). 
Although quantitation is necessary to determine the relative propor­
tions of different myofibrillar proteins in the gels of adult frog and 
7-day tadpole myofibrils, visual examination of these gels suggests that 
the a-actinin to actin ratio is higher in adult frog than in 7-day 
tadpole myofibrils. Such a difference in protein composition would be 
expected if the amorphous or matrix component, which is less abundant 
in 7-day tadpole Z-disks than in adult frog Z-disks, were composed at 
least partly of a-actinin. 
Comparison of ATPase activities of adult frog and tadpole myofibrils 
Several studies have shown that a-actinin increases Mg^"^-modified 
ATPase activity of actomyosin and that this effect of a-actinin 
increases as ionic strength increases in the range of 0.05 to 0.15. 
Moreover, if the amorphous or matrix component of Z-disks is composed at 
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least partly of a-actinin, then the low content of amorphous component 
in 7-day tadpole Z-disks would indicate that 7-day tadpole myofibrils 
contain less a-actinin than adult frog myofibrils. Therefore, the ratio 
of Mg^^-modified ATPase activity of adult frog myofibrils to Mg^^-
modified ATPase activity of 7-day tadpole myofibrils would be expected 
to increase as ionic strength increased from 0.05 to 0.15. Assays of 
the Mg^"^-modified ATPase activities of adult frog and 7-day tadpole 
myofibrils showed that the ratio of these activities increased from 
1.34 at 50 mM KCl to 3.33 at 150 mM KCl (Table 4). Hence, the effect 
2+ 
of KCl on Mg -modified ATPase activities of adult frog and 7-day tadpole 
myofibrils is consistent with the suggestion that 7-day tadpole myofibrils 
contain less a-actinin than adult frog myofibrils and that the amorphous 
or matrix component in the Z-disk may therefore be composed in part of 
a-actinin. 
Table 4. Effect of KCl concentration on ATPase activity of skeletal 
muscle myofibrils isolated from adult and 7-day tadpoles of 
Rana pipiens 
KCl concentration (mM) 
Animal 50 75 100 125 150 
Adult Rana pipiens 0.119% 0.110 0.071 0.046 0.038 
7-day tadpole 0.089 0.061 0.037 0.020 0.009 
Adult/tadpole ratio 1.34 1.80 1.92 2.30 3.33 
^Figures are ymoles inorganic phosphate/min/mg myofibrillar 
protein and are averages of three determinations on one myofibril 
preparation. Conditions for the ATPase assay were; 50 yg myofibrillar 
protein/ml, 1 mM MgCl2, 1 mM ATP, 0.1 mM CaCl2, 20 mM Tris-acetate, 
pH 7.0, KCl as indicated, 25.0°C. 
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Even at 50 inM KCl, adult frog myofibrils had a Mg^^-modified ATPase 
activity 1.34 times larger than 7-day tadpole myofibrils did. Although 
some of this diffrrence in Mg^"'"-modified ATPase activity at 50 mM KCl 
could be due to the greater proportion of a-actinin in adult frog 
myofibrils, it was also possible that some of this difference was due to 
a greater porportion of myosin in adult frog myofibrils than in 7-day 
tadpole myofibrils. To test this latter possibility, several ATPase 
activities that are not affected by the presence of a-actinin (Temple 
and Goll, 1970) were assayed (Table 5). 
Table 5. Comparison of ATPase activities of skeletal muscle myofibrils 
isolated from adult and 7-day tadpoles of Rana pipiens 
Modifier 
1 mM MgCl2, 
1 mM EDTA, 1 mM CaCl2, 1 mM CaCl2, 0.2 mM EGTA, 
Animal 500 mM KCl 100 mM KCl 500 mM KCl 50 mM KCl 
Adult Rana pipiens 0.085& 0.035 0.0034 0.067 
7-day tadpole 0.055 0.020 0.0022 0.072 
Adult/tadpole ratio 1.54 1.75 1.54 0.93 
^Figures are ymoles inorganic phosphate/min/mg myofibrillar 
protein and are averages of three determinations on one myofibril 
preparation. Conditions for the ATPase assay were: 50 yg myofibrillar 
protein/ml, 1 mM ATP, 20 mM Tris-acetate, pH 7.0, KCl and modifiers as 
indicated, 25.0°C. 
That adult frog myofibrils have greater EDTA-modified and Ca'^'^-
modified ATPase activities than 7-day tadpole myofibrils (Table 5) indi­
cates either that adult frog myofibrils contain a larger proportion of 
myosin than 7-day tadpole myofibrils do, or that the myosin in adult frog 
myofibrils is more active than the myosin in 7-day tadpole myofibrils. 
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When assayed in the absence (<10~® M) of Ca^"*", however, the Mg^^-
modified ATPase activity of 7-day tadpole myofibrils was actually 1.07 
?+ 
times greater than the Mg -modified ATPase activity of adult frog 
myofibrils (Table 5) and only slightly lower than when assayed in the 
presence of 0.1 mM Ca^^ (cf. Tables 4 and 5). This finding agrees 
with the SDS-polyacrylamide gel analysis of protein composition of adult 
frog and 7-day tadpole myofibrils discussed in the preceding section, 
and indicates that 7-day tadpole myofibrils contain less troponin than 
adult frog myofibrils possess. It is possible that troponin is more 
easily solubilized from 7-day tadpole myofibrils than from adult frog 
myofibrils so that troponin in the 7-day tadpole myofibrils is extracted 
during the extensive washings used in the procedure for preparing 
myofibrils (see Materials and Methods). Alternatively, troponin may 
not appear in myofibrils until relatively late in development and 7-day 
tadpole myofibrils may therefore simply contain less troponin than adult 
frog myofibrils possess. Hitchcock (1970) has previously reported that 
ATPase activity of chicken skeletal muscle does not become sensitive 
until late in development, just before hatching. 
Studies on Nemaline Myopathy Muscle 
Rationale 
Stromer e_t (1976) have shown that rod bodies in human nemaline 
myopathy muscle are remarkably resistant to low ionic strength extraction 
with 2 mM Tris-HCl, 1 mM DTT, pH 7.6, and that a filament lattice remains 
even after 40 days of low ionic strength extraction. In contrast, both 
the amorphous and the filamentous components of rabbit skeletal Z-disks 
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are gone after 8 to 10 days extraction with 2 mM Tris, 1 mM DTT, pH 7.6. 
Yet, the rod bodies in nemaline myopathy muscle are presumed to be 
analogues to Z-disks (Price e^ , 1965; Gonatas, 1966; Stromer et al., 
1976), and the studies described earlier in this thesis showed that rod 
bodies, like Z-disks, bound anti-a-actinin. Because of the analogy 
between nemaline rod bodies and Z-disks and because it seemed probable 
that Z-filaments surviving a long, 40-day, low ionic strength extraction 
would contain less contaminating amorphous or matrix material than 
filaments that had only been extracted 2 to 5 days, the ability of 
nemaline rod bodies to bind anti-a-actinin and anti-tropomyosin after 
40 days of low ionic strength extraction with 2 mM Tris-HCl, 1 mM DTT, 
pH 7.6 was assayed. If the amorphous material in Z-disks is composed 
principally of oc-actinin and if Z-filaments are composed principally of 
tropomyosin, anti-a-actinin should bind poorly and anti-tropomyosin 
should bind profusely to nemaline rods after 40 days of low ionic strength 
extraction. 
Localization at the electron microscope level of a-actinin and tropomyo­
sin in nemaline rod bodies after 40 days of low ionic strength extraction 
Anti-a-actinin binding to nemaline rod bodies that had been extracted 
for 40 days with a 2 mM Tris-HCl, 1 mM DTT, pH 7.6 solution was examined 
in the electron microscope by using the immunoperoxidase procedure. Even 
after 40 days of extraction when very little or no visible amorphous 
material remained with the nemaline rod bodies (Stromer ^  , 1976), 
these rod bodies bound small amounts of anti-a-actinin (Figure 85a and b). 
This anti-a-actinin binding to extracted nemaline rods could also be 
observed in transverse sections through the rods (Figure 85b). The 
Figure 85. Electron micrographs showing anti-a-actinin and anti-
tropomyosin binding to glycerinated human nemaline myopathy 
rod bodies after 40 days of low ionic strength extraction 
((a) Longitudinal section of extracted rod body after incu­
bation with Fab anti-a-actinin followed by incubation with 
sheep anti-rabbit IgG conjugated with horseradish peroxidase 
and reaction with diaminobenzidine. Small amounts of electron-
dense peroxidase reaction product are scattered over the 
entire rod body, indicating that some a-actinin remains unex-
tracted even after 40 days in a low ionic strength solution. 
a-Actinin for eliciting Fab anti-cractinin used in this 
experiment was purified from porcine skeletal muscle by 
using preparative polyacrylamide slab electrophoresis, (b) 
Transverse section of the same sample shown in (a). Patches 
of electron-dense peroxidase reaction product (arrows) are 
scattered through this cross-section of a nemaline rod body. 
Because the size of the electron-dense peroxidase reaction 
product is larger than the cross-sectional diameter of 
Z-filaments, these reaction products are seen as amorphous, 
dark areas rather than discrete, spherical objects seen in 
longitudinal sections, (c) Longitudinal section of an 
extracted rod body after incubation with Fab anti-tropomyosin 
followed by incubation with sheep anti-rabbit I G conjugated 
with horseradish peroxidase and reaction with diaminobenzi­
dine. Electron-dense peroxidase reaction products (arrows) 
are widely scattered over the entire rod body. Tropomyosin 
for eliciting the Fab anti-tropomyosin used In this experiment 
was purified from porcine skeletal muscle by using preparative 
polyacrylamide slab electrophoresis. Z = Z-disk; rb = rod 
bodies, (d) Transverse section through the same sample shown 
in (c). As described for Figure 81b, the electron-dense 
petOAxdase leactiori product appears amorphous against the 
background of Z-filament cross-sections and is scattered in 
patchy areas (arrows) over the entire rod body. Hence, 
extracted rod bodies bind some anti-tropomyosin, (e) This 
longitudinal control sample was treated identically to the 
samples shown in (a) and (c) except that normal rabbit serum 
was substituted for Fab anti-a-actinin or Fab anti-tropomyosin. 
That no electron-dense reaction products are seen shows that 
no nonspecific antibody binding occurred under the experimental 
conditions used, (f) Transverse section of the same control 
sample shown in (e). Only very sparse electron-dense 
peroxidase reaction products (faint, gray amorphous areas) 
are seen in this cross-section. Therefore, little nonspecific 
antibody binding could be seen in either longitudinal or 
transverse control sections. All micrographs X 90,000.) 
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imitiunoperoxidase procedure also showed that nemaline rod bodies extracted 
for 40 days with a low ionic strength solution bound significant quanti­
ties of anti-tropomyosin (Figure 85c and d). Electron-dense peroxidase 
reaction product indicating binding of anti-tropomyosin was scattered 
and was sometimes difficult to detect in longitudinal sections through 
extracted rod bodies (Figure 85c). In transverse sections, anti-
tropomyosin seemed to bind to extracted rod bodies as profusely as anti-
a-actinin did (cf. Figure 85b and d). Control sections showed that no 
nonspecific antibody binding occurred to either longitudinal (Figure 
85c) or transverse (Figure 85f) sections under the experimental condi­
tions used in this study. 
O 
The immunoglobulin molecule alone is 35 to 40 A in diameter even 
for Fab fragments (used in the experiments in Figure 85) and this large 
molecular size makes it impossible to determine whether antibody binding 
occurs solely to the Z-filaments, which are approximately 50 A in 
diameter (Franzini-Armstrong, 1973), or only to the openings in the 
O 
Z-disk matrix, which are approximately 22 A on a side (Figure 85b and d). 
Consequently, it was not possible in these experiments with extracted 
rod bodies to determine whetlier anti-a-actinin binds exclusively to 
amorphous material in the openings of the Z-disk matrix and anti-
tropomyosin binds only to the Z-filaments. 
SDS-polyacrylamide gel electrophoresis of human nemaline myopathy 
myofibrils before and after low ionic strength extraction 
SDS-polyacrylamide gels of human nemaline myopathy myofibrils before 
low ionic strength extraction shows these myofibrils contain all major 
proteins normally associated with mammalian skeletal muscle myofibrils 
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(Figure 86). Prominent myosin, a-actinin, actin, and tropomyosin bands 
are seen, and other minor bands can be detected in the regions of 
M-protein (170,000 daltons), C-protein (140,000 daltons), and the 
troponin subunits (37,000 to 17,000 daltons). Although quantitation 
is required to determine relative proportions of the different myo­
fibrillar proteins accurately, the ratio of a-actinin to actin seems 
higher in the gel of the unextracted human nemaline myopathy myofibrils 
than was previously observed for adult frog myofibrils (cf. Figures 84 
and 86) or porcine psoas or porcine cardiac myofibrils (cf. Figure 33 
and Figure 86). A relatively high ratio of a-actinin to actin would be 
expected in human nemaline myopathy myofibrils because the rod bodies 
contain a-actinin. Also, human nemaline myopathy myofibrils contain a 
55,000 to 60,000-dalton component that is not easily seen in SDS-
polyacrylamide gels of adult frog (Figure 84) or porcine psoas or porcine 
cardiac (Figure 33) myofibrils. After 40 days of extraction, the low 
ionic strength extract contains a-actinin (100,000-dalton component), 
actin (42,000-dalton component), and a small proportion of a 35,000 to 
37,000-dalton component that may be tropomyosin or troponin T (Figure 
86). The extracted residue, on the other hand, contains major amounts 
of a 100,000-dalton component (a-actinin), a 42,000-dalton component 
(actin), and components in the molecular weight range of 35,000 to 37,000 
daltons (possibly tropomyosin and troponin T), and minor amounts of a 
200,000-dalton component (myosin), a 130,000-dalton component (possibly 
C-protein), a 55,000-dalton component (unknown), and components with sub-
unit molecular weights less than 30,000 daltons (Figure 86). These SDS-
polyacrylamide gels of low ionic strength-extracted nemaline myopathy 
Figure 86. SDS-polyacrylamide gels of nemaline myopathy myofibrils 
before and after 40 days of extraction with 2 mM Tris* 
HCl, 1 mM DTÏ, pH 7.6 and of the extract solubilized by 
the 2 mM Tris.HCl, 1 mM DTT, pH 7.6 extraction 
(All gels are 7-1/2% polyacrylamide and 33 pg protein 
were loaded onto gels designated as "unextracted", 
"extract", and "extracted." Gel designated "standards" 
contained 10 pg each of purified porcine skeletal 
a-actinin, purified bovine serum albumin, purified 
porcine skeletal actin, and purified porcine tropomyo­
sin. Number at the left of the gels indicate approxi­
mate migration distance of polypeptides having that 
molecular weight.) 
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myofibrils and of the material solubilized by this low ionic strength 
extraction agree with the results of earlier studies (Stromer ejt , 
1976) and show that, although prolonged low ionic strength extraction 
removes considerable quantities of a-actinin and actin from human nema-
line myopathy myofibrils, large amounts of a-actinin and actin remain 
unextracted. It is obviously this unextracted a-actinin that binds 
anti-a-actinin in the immunocytochemistry studies on the low ionic 
strength-extracted rod bodies (Figure 85). It is not known why some 
a-actinin should be so resistant to low ionic strength extraction, but 
whatever the cause, it is clear that the continued presence of this 
a-actinin seriously interferes with attempts to determine whether 
a-actinin is localized to the amorphous component and tropomyosin to 
the filamentous component of Z-disks. 
Studies on IZI Brushes 
Rationale 
The rationale underlying preparation of iZi brushes and their use 
in studying the molecular architecture of the Z-disk has already been 
discussed at the beginning of this section. Relying entirely on studies 
of antibody binding to extracted or unextracted Z-disks would obviously 
preclude discovery of a Z-disk protein for which no antibodies were 
available. Furthermore, it was possible that any as yet undiscovered 
protein in the Z-disk might be present in only very small amounts that 
would be very difficult to detect on SDS-polyacrylamide gels of entire 
myofibrils. It has been shown previously (Stromer e_t , 1976) that 
almost all myosin can be extracted from myofibrils without affecting 
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Z-dlsk-structure. Because myosin makes up over 50% of total myofibrillar 
protein, extraction of the myosin alone would increase the sensitivity 
for detection of a minor myofibrillar protein by twofold. Myosin-
extracted myofibrils are called IZI brushes because they contain Z-disks 
with their attached I-filaments dangling loosely in space on either side. 
These IZI brushes were subjected to several additional treatments chosen 
to remove Z-disks, tropomyosin, or a-actinin. The effects of these 
treatments were monitored by using electron microscope examination, 
immunocytochemistry, and polyacrylamide gel electrophoresis to determine 
whether it was possible to remove either a-actinin or tropomyosin without 
destroying Z-disks. 
Fine structure of unwashed, ^ 2^-washed, and 1 M KCl-washed IZI brushes 
As described in the preceding section, IZI brush preparations con­
sist of well-preserved Z-disks with their attached I-filaments dangling 
in space on both sides (Figure 87). I-filaments average 1.1 ym in 
length from the Z-disk to their tips= IZI brushes are frequently found 
with Z-disks lying almost in register as though the myosin had been 
plucked out without disturbing their alignment. It is not clear whether 
this preservation of lateral order after ostensibly completely removing 
myosin originates from noncovalent stabilization due to "stacking" of 
myofibrils in three dimensions or to the presence of filaments extending 
continuously from one Z-disk to the next. There is no convincing 
evidence that such filaments exist in skeletal muscle myofibrils, however. 
Extraction with 1 M KCl is frequently used to solubilize tropomyosin 
from myofibrils. Three 1 M KCl extractions of IZI brushes cause extensive 
Figure 87. Electron micrograph of porcine skeletal IZI brushes 
(Z-disks appear intact (Z), and numerous thin filaments 
approximately 1.1 ym long extend in either direction 
from the Z-disks. No A-bands are detectable. 
X 28,300.) 
Figure 88. Electron micrograph of porcine skeletal IZI brushes after 
three extractions with 1 M KCl 
(KCl extraction was done as described in the Materials and 
Methods. Many Z-disks (Z) have lost much of their 
C ^ +- o ^  ^ 1 ^-1 -«1 •? T ^ /"I /-» 
^ «a wti 41_>W J. jr kJ iliU U ^ O. OJ.iU^J.CLX UW 
amorphous material formerly found in the Z-disk is now 
seen attached to the free ends of I-filaments (arrows). 
X 26,000.) 
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disruption of Z-disks and leave patches of densely staining material 
attached to the A-band ends of the thin filaments (Figure 88), Four 1 M 
KCl extractions cause almost complete removal of Z-disks and leave 
only I-filaments with blobs of densely staining material attached in 
register near their A-band ends. Extraction at low ionic strength or 
with water has been used to solubilize a-actinin from myofibrils. Three 
H20-washes of IZI brushes again cause extensive disruption of the Z-disk 
and leave small patches of densely staining material scattered over the 
I-filaments (Figure 89). The amount of this densely staining material 
is not as great as it is for the 1 M KCl-washed IZI brushes, nor is the 
distribution of the densely staining material as regular as it is in the 
1 M KCl-washed IZI brushes (cf. Figures 88 and 89). 
Dayton and coworkers (Dayton ^  al., 1976a,b) recently described a 
Ca^^-activated proteolytic enzyme, called CAF, that very quickly and 
selectively removes Z-disks from myofibrils. CAF-treatment of IZI brushes 
followed by washing the CAF-treated brushes once in distilled H2O at 22°C 
(see Materials and Methods) almost completely removes all amorphous, 
densely staining material from the brushes (Figure 90). Dayton (1974) 
has shown that CAF-treatment under these conditions removes almost all 
a-actinin from IZI brushes. The CAF-treated residue consists largely of 
randomly oriented filaments, although occasionally aggregates of thin 
filaments that resemble remnants of the Z-disk lattice are observed 
(Figure 90). Dayton et al. (1975) have shown that CAF removes a-actinin 
from myofibrils before it causes appreciable degradation of tropomyosin, 
so survival of some Z-disk lattices even after almost total removal of 
amorphous densely staining material from IZI brushes is consistent with 
Figure 89. Electron micrograph of porcine skeletal IZI brushes after 
three extractions with distilled H2O 
(H^O-extraction was done as described in the Materials 
and Methods. Z-disks (Z) are badly disrupted by H2O-
extraction but densely staining material similar to the 
amorphous material formerly associated with the Z-disk 
is now seen attached to various parts of thin filaments 
(arrows). X 26,000.) 
Figure 90. Electron micrograph of porcine skeletal IZI brushes after 
60 min of treatment with CAF 
(CAF-treatment was done as described in the Materials 
and Methods. Washing CAF-treated IZI brushes with 
distilled H2O au 22°C after CAT-treatment such as \-7?.s 
done here removes almost all densely staining amorphous 
material from IZI brush preparations and only thin, 
actin filaments remain. Occasionally, areas resembling 
Z-lattices with no associated amorphous material are 
seen (arrows), X 26,000.) 
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the hypothesis that Z-filaments in the Z-lattices contain tropomyosin, 
whereas the amorphous material in Z-disks is composed of a-actinin. 
Localization at the electron microscope level of g-actinin in ^ 2Q-washed 
and 1 M KCl-washed IZI brushes 
Anti-a-actinin binding to 1 M KCl-washed IZI brushes was examined in 
the electron microscope by using the inraiunoperoxidase procedure. Anti-a-
actinin binds to the clumps of densely staining, amorphous material seen 
at the A-band ends of the thin filaments in electron micrographs of such 
KCl-washed IZI brushes (cf. Figure 88 and Figure 91a). Because a-actinin 
in skeletal myofibrils is localized exclusively in the Z-disk (see earlier 
results in this thesis), finding a-actinin near the A-band ends of thin 
filaments indicates that 1 M KCl extraction dislodges a-actinin from its 
location at the Z-disk and the dislodged a-actinin then rebinds to the 
I-filaments near their A-band ends. Previous studies (Robson et al., 
1970; Stromer and Goll, 1972) have shown that a-actinin readily binds to 
I-filaments all along the length of the I-filaments. It is not clear why 
a-actinin rebinding to I-filaments in these IZI brushes is restricted to 
an area near the A-band ends of these filaments. It will be shown in the 
next section that three 1 M KCl extractions of IZI brushes almost com­
pletely removes tropomyosin and troponin from these brushes. Control 
sections showed that only a very slight amount of nonspecific antibody 
binding occurred under the conditions used in this study (Figure 91b). 
Use of the immuncperoxidase procedure shows that anti-a-actinin binds 
almost exclusively to Z-disk remnants in H20-washed IZI brushes (Figure 
92a). The sample used for the immunoperoxidase procedure in Figure 92a 
did not contain as much densely staining, amorphous material scattered 
Figure 91. Electron micrographs showing anti~a—actinin binding to IZI brushes that have been 
extracted three times with 1 M KCl 
((a) Incubation with anti-a-actinin followed by incubation with sheep anti-rabbit IgG 
conjugated with horseradish peroxidase and reaction with diaminobenzidine leaves 
electron-dense reaction product at the A-band ends of the thin filaments in this 
preparation (arrows, c^. Figure 88). Z = Z-disk region. a-Actinin used for eliciting 
anti-a-actinin used in these experiments was purifed from porcine skeletal muscle by 
using preparative slab electrophoresis. (b) This control sample was treated identi­
cally to the sample shown in (a) except that normal rabbit serum was substituted for 
anti-a-actinin. Only ve i.-y sparse and widely scattered electron-dense particles are 
seen; hence, only slight; nonspecific antibody binding occurred under the experimental 
conditions used. Z = Z-disk region. X 26,000.) 
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Figure 92. Electron micrographs showing antl-a-actlnin binding to IZI brushes that have been 
extracted three times with distilled H2O 
((a) Incubation with anti-a-actinin followed by incubation with sheep anti-rabbit 
IgG conjugated with horseradish peroxidase and reaction with diaminobenzidine leaves 
electron dense peroxidase reaction product only at the region of the Z-disk (Z). 
cx-Actinln used for eliciting antl-a-actlnin utilized In this experiment was purified 
from porcine skeletal muscle by using preparative polyaerylamide slab electrophoresis, 
(b) Thiîî control section was treated identically to the sample shown in (a) except 
that no;rmal rabbit serum ijas substituted for anti-a-actinin. Only very sparse and 
widely scattered electron-dense peroxidase reaction product is seen, indicating very 
little nonspecific antibody binding occurred under the experimental conditions used. 
X 28,000.) 
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over the thin filaments as the sample shown in Figure 89, but even the 
very sparse patches of densely staining material in the immunoperoxidase 
sample seemed to bind no anti-o-actinin (Figure 92a) 
SDS- and urea-pplyacrylamide gel electrophoresis of unwashed, H20-washed, 
and 1 M KCl-washed IZI brushes 
SDS-polyacrylamide gels of IZI brushes (Figure 93) show that these 
brushes contain major components having subunit molecular weights of 
100,000 daltons (a-actinin), 42,000 daltons (actin), and 34,000 to 40,000 
daltons (tropomyosin, and troponin T), and minor components having sub-
unit molecular weights of 200,000 daltons (myosin), 135,000 to 140,000 
daltons (possibly C-protein), 55,000 to 60,000 daltons (unknown), and in 
the 17,000 to 25,000 dalton range (troponin C and I). Consequently, 
with the exception of the 55,000 to 60,000-dalton component and the two 
components at 135,000 to 140,000 daltons, IZI brushes contain only the 
proteins expected for a preparation of thin filaments and Z-disks contain­
ing a small amount of residual myosin contamination. Because it is 
possible that IZI brushes contain an as yet undiscovered protein that by 
some fortuitous chance has the same subunit molecular weight as one of 
the known myofibrillar proteins and that therefore would not be detected 
on SDS-polyacrylamide gels, IZI brushes were also subjected to polyacryla-
mide gel electrophoresis in the presence of 8 M urea to separate protein 
subunits on the basis of their charge (Figure 94). Even in 8 M urea, 
however, no new major polypeptide chains were discovered in IZI brushes; 
most protein in IZI brushes has the same mobility as a-actinin, actin, 
tropomyosin, and the three troponin subunits (Figure 94). Therefore, if 
the Z-disk contains any as yet unknown proteins in addition to a-actinin. 
Figure 93. SDS-polyacrylamide gels of H^O-washed, 1 M KCl-washed, 
and unextracted porcine skeletal IZI brushes 
(Washing with H2O and 1 M KCl was done as described in 
the Materials and Methods. All gels were 7-1/2% 
polyacrylamide, and 33 yg of protein were loaded onto 
all gels except the one designated "standards." The 
gel designated "standards" contained 10 yg each of 
purified porcine skeletal a-actinin, purified bovine 
serum albumin, purified porcine skeletal actin, and 
purified porcine skeletal tropomyosin. Numbers at 
the left of the gels indicate approximate migration 
distances of polypeptides having that molecular weight. 
These SDS-polyacrylamide gels also show that IZI 
brushes contain several polypeptide chains in addition 
to those of a-actinin, actin, and tropomyosin. One 
of these, a 60;0n0-flalton polypeptide chain, is indicated.) 
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Figure 94. Polyacrylamide gel electrophoresis of H20-washed, 1 M 
KCl-washed, and unextracted porcine skeletal IZI 
brushes run in 8 M urea 
(H2O- and KCl-washing was done as described in the 
Materials and Methods. All gels were 4% polyacrylamide 
and each gel was loaded with 20 pg protein. Approxi­
mate migration distances of a-actinin, actin, and 
tropomyosin, the three major proteins constituting 
IZI brushes, are indicated. The presence of additional, 
minor bands indicates that IZI brushes contain proteins 
in addition to a-actinin, actin, and tropomyosin. The 
dark band near the bottom end of the gels marks the 
migration distance of the tracking dye.) 
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this protein must have a subunit molecular weight of 55,000 to 60,000 
daltons or of 135,000 to 140,000 daltons. In experiments not shown 
here, complete removal of Z-disks from IZI brushes by CAP caused no change 
in content of the 135,000 to 140,000-dalton polypeptides but was accompa­
nied by complete destruction of the 55,000 to 60,000-dalton polypeptide. 
Hence, it seems unlikely that the 135,000 to 140,000-dalton polypeptides 
are involved in Z-disk structure, but the 55,000 to 60,000-dalton poly­
peptide may be a new Z-disk protein. 
Three 1 M KCl-washes almost completely removed tropomyosin and 
troponin from IZI brushes (Figures 93 and 94). This finding is in agree­
ment with the common practice of using 1 M KCl to extract tropomyosin 
from an organic-solvent-treated residue of myofibrils. That no procedure 
was found in this study to remove all tropomyosin from IZI brushes without 
also destroying Z-disks is consistent with the hypothesis that tropomyosin 
constitutes at least part of the Z-filaments, but it certainly does not 
prove this hypothesis. Three 1 M KCl-washes had no evident effect on the 
ratio of a-accinin to actin in iZi brushes (Figures 93 and 94); this 
result confirms the anti-a -actinin binding results described in the 
previous paragraph and suggests that 1 M KCl-washing disrupts Z-disks and 
extracts tropomyosin and troponin but allows the a-actinin dislodged from 
the Z-disk to rebind in discrete areas near the A-band end of the I-
filaments. 
Three H20-washes of IZI brushes lower the a-actinin to actin ratio 
in the brushes (Figures 93 and 94) but have little obvious effect on 
their tropomyosin and troponin contents. This result again agrees with 
the use of low ionic strength washes to extract a-actinin from myofibrils 
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(Goll _et _al., 1972; Robson et al., 1970). That these H^O-washes did 
not completely remove Z-disks and also did not completely remove 
a-actinin from IZI brushes makes it difficult to use Hg^-washed IZI 
brushes to establish that a-actinin constitutes the amorphous material 
in Z-disks. Additional H20-washes caused complete removal of Z-disks 
but also resulted in considerable extraction of tropomyosin and tro­
ponin, so more extensively washed IZI brushes also were not useful in 
establishing the protein composition of the amorphous material. 
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DISCUSSION 
Although it is not yet possible to specify completely the molecular 
architecture and physiological function of the Z-disk in striated muscle, 
the results of this study provide considerable new insight into these 
questions. The discovery that several structures proposed to be Z-disk 
analogues in movement systems containing no Z-disks do indeed contain 
Z-disk proteins has also led to a broadened view of the possible 
physiological function of the Z-disk in motility. For convenience and 
clarity in discussing the possible significance of these results, this 
discussion will be divided into three parts; 1) distribution and location 
of a-actinin and tropomyosin in biological movement systems, 2) molecular 
anatomy of the a-actinin/actin interaction and its implications for 
Z-disk and dense-body structures, and 3) what implications does the 
distribution and location of a-actinin and tropomyosin have for the 
physiological functions of these proteins? 
Distribution and Location of a-Actinin and Tropomyosin 
in Biological Movement Systems 
The results of this study show that a-actinin is located in Z-disks 
of porcine skeletal, adult Rana pipiens skeletal, 7-day tadpole skeletal, 
Limulus skeletal, and porcine cardiac muscle myofibrils, in intracellular 
dense bodies and attachment plaques of smooth muscle cells, in all three 
differentiated regions of intercalated disks in cardiac muscle, in 
subplasmalemmal plaques and densely staining amorphous regions associated 
with 6-nm filaments in fibroblasts, in desmosomes and tight junctions of 
intestinal epithelial cells, and all along the acrosomal processes of 
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Limulus sperm. The finding that a-actinin is located in Z-disks of 
striated muscle myofibrils confirms the suggestions of earlier studies 
that used selective tryptic digestion (Goll _et aJL., 1967, 1969), anti­
body binding (Masaki _e^ _al., 1967), or selective low ionic strength 
extraction (Stromer ^  , 1967, 1969) to indicate that ct-actinin was 
located in Z-disks. These earlier results, however, gave no conclusive 
evidence regarding the location of a-actinin in striated myofibrils. 
Although a-actinin was released at the same time that tryptic digestion 
(Goll ^  al.., 1967, 1969) or low ionic strength extraction (Stromer et 
al., 1967, 1969) removed Z-disks, the released a-actinin could have 
originated from non-Z-disk myofibrillar structures whose removal was not 
detected by electron microscope monitoring. Moreover, both the tryptic 
digests and the low ionic strength extracts contained proteins other than 
a-actinin, and these proteins may have constituted the original Z-disk. 
The early antibody binding studies (Masaki e_t al., 1967) used very impure 
a-actinin (Goll _e_t _al., 1969; Robson _et , 1970) to elicit antibodies, 
and these antibody preparations had to be absorbed with other inhomoge-
neous protein fractions to obtain antibody binding exclusively to the 
Z-disk. Because it was possible that the inhomogeneous protein fractions 
used for absorption contained a-actinin that actually removed any anti-a-
actinin in the crude antibody preparation, it could not be demonstrated 
that antibody binding to the Z-disk in these earlier studies was, in fact, 
anti-a-actinin. Therefore, the present studies using antibodies that were 
elicited against highly purified a-actinin and that were not absorbed 
before use in antibody-binding experiments provide the first clear 
demonstration that a-actinin is located in Z-disks of striated muscle 
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myofibrils. Indeed, the studies in this thesis show that it is extremely 
difficult to remove from purified a-actinin all traces of some protein 
that elicits an antibody that binds to M-lines, and preparative poly-
acrylamide slab electrophoresis was necessary to obtain an a-actinin 
preparation that elicited antibodies that bound only to Z-disks of 
striated myofibrils. Obviously, the availability of antibodies to such 
demonstrably homogeneous a-actinin made it possible to demonstrate the 
presence of a-actinin in all the other structures listed earlier in this 
paragraph. 
The structures that bound anti-a-actinin in this study are all asso­
ciated with filaments 6 nm in diameter; these filaments presumably are 
composed primarily of actin. Except for microfilaments in the acrosomal 
processes of Llmulus sperm, all these structures are also distinguished 
by the presence of a densely staining, amorphous matrix. The presence of 
such a densely staining matrix suggests that localized concentrations of 
a-actinin bind electron microscope stains strongly and appear as dense, 
cuuwi.^iiwuo xii w<. wij. a^iio • n xai-gc iiuuiuci. wi. i. cuciiL. 
studies (Goldman et al., 1975; Lazarides and Weber, 1974; Pollard and 
Weihing, 1974; Sanger, 1975) have suggested that actin is a constituent 
of all eukaryotic cells, including plant cells (Kersey et al., 1976), and 
may even be a constituent of some prokaryotic cells (Minkoff and 
Damadian, 1976) and viruses (Damsky et al^- , 1976). Because in all the 
systems shown thus far to contain a-actinin, the a-actinin is associated 
with actin and because densely staining, amorphous regions are frequently 
observed in electron micrographs of cells, it may be supposed that 
a-actinin too is found in all eukaryotic cells. This hypothesis is 
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supported by the survey reported in this thesis where a-actinin was found 
in every movement system examined for its presence, including some that 
contain no myosin or tropomyosin (the acrosomal process of Limulus sperm). 
If a-actinin is a universal component of biological movement systems, it 
seems likely that a-actinin has an important and fundamental role in 
movement. Some possible physiological functions for a-actinin will be 
discussed in the last part of this discussion. 
As discussed briefly in the Results section of this thesis, use of 
the immunoperoxidase procedure at the electron microscope level gave 
much less definitive evidence on location of anti-tropomyosin binding 
than it did on location of anti-a-actinin binding. The electron-dense 
peroxidase reaction products were often sparse and very widely scattered 
in anti-tropomyosin experiments, and it sometimes was difficult to 
follow anti-tropomyosin binding along the entire length of filaments. 
The cause of this relative insensitivity of the immunoperoxidase pro­
cedure in locating anti-tropomyosin binding is still unclear, especially 
because many of these same samples exhibited intense fluorescence when 
the immunofluorescence procedure was used to locate anti-tropomyosin 
binding and the immunoperoxidase localization procedure has been reported 
to be 200 to 1000 times more sensitive for detection of antibody binding 
than the immunofluorescence procedure (Sternberger. 1971)= Toward the 
end of the studies described in this thesis, however, it was noted that 
substitution of glutaraldehyde fixation for the "Stephanini" fixation 
ordinarily used greatly increased the amount of electron-dense, peroxi­
dase reaction product detectable after anti-tropomyosin binding. It seems 
possible that the difficulties experienced in this study with detection of 
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anti-tropomyosin binding by using the immunoperoxidase procedure at the 
electron microscope level might be related to the recent discovery that 
fixatives used to preserve samples for electron microscopy may affect 
the tropomyosin-actin interaction (Lehrer, 1976). Because the glutaral-
dehyde induced improvement in detection of anti-tropomyosin binding with 
the immunoperoxidase procedure was not discovered until near the end of 
this study, conclusions concerning the location of anti-tropomyosin 
binding were based both on results of fluorescent antibody binding as 
observed at the light microscope level and on those results obtainable 
with the immunoperoxidase procedure at the electron microscope level. 
These tvzo techniques indicated that tropomyosin is located along the 
length of thin filaments in porcine skeletal, adult Rana plpiens skeletal, 
7-day tadpole skeletal, and porcine cardiac myoribrils, all along the 
length of certain of the filaments associated with dense bodies and 
attachment plaques in smooth muscle, in some parts of the intercalated 
disk, in cardiac muscle, and scattered along microfilament bundles in 
fibroblasts0 •Mnrpover. extractiuu of some of the densely staining 
amorphous material from skeletal muscle Z-disks or from dense bodies 
in smooth muscle cells followed by incubation of the unextracted residue 
with anti-tropomyosin shox-xs that Z-disks and some dense bodies also 
contain tropomyosin. Tropomyosin in Z-disks and dense bodies must 
ordinarily be blocked from reaction with its antibody by the presence 
of the densely staining amorphous material in these structures. 
It is clear from the localization studies reported in this thesis 
that; in some instances, a-actinin is localized in discrete areas such 
as Z-disks, dense bodies, or attachment plaques, whereas in other 
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instances, it seems distributed along the length of microfilaments (such 
as in fibroblasts, microvilli, and acrosomal processes). In vitro 
studies (Holmes et , 1971) have shown that a-actinin binds only to 
fibrous actin among the known contractile proteins, and combined 
biochemical (Goll _et , 1972) and electron microscope (Stromer and 
Goll, 197'') studies have indicated that tropomyosin may block a-actinin 
binding to some areas of the actin filament. The antibody localization 
results described in this thesis indicate that tropomyosin is frequently 
found in close association with densely staining amorphous regions that 
contain a-actinin, and that tropomyosin, a-actinin, and actin are located 
in close proximity to each other in a wide range of biological movement 
systems. Indeed, the only movement system found thus far that clearly 
does not contain a-actinin and tropomyosin in close association is the 
acrosomal process of Limulus sperm; Tilney (1975) has shown that this 
process contains only a 100,000-dalton polypeptide (shown to be a-actinin 
by our antibody studies), a 55,000-dalton polypeptide (unknown), and a 
42,000-dalton polypeptide (actin). The antibody localization results 
described in this thesis, therefore, provide indirect support for the 
proposal (Goll et , 1972; Stromer and Goll, 1972) that tropomyosin is 
at least partly responsible for regulating the way a-actinin binds to 
actin. Thus, those systems that contain a-actinin localized In discrete 
areas (skeletal, cardiac, and smooth muscle myofibrils) also contain 
actin filaments that have tropomyosin distributed along their entire 
length. Skeletal, cardiac, and smooth muscle tropomyosins have subunit 
molecular weights of 34,000 to 38,000 (34,000 daltons for a-subunit and 
36,000 daltons for g-subunit of skeletal; 34,000 daltons for cardiac 
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subunit; 35,500 daltons and 38,000 daltons for two subunits of smooth 
muscle), and have molecular lengths of 400 to 425 A (Cummins and Perry, 
1974; Phillips, 1976; Parry, 1975). A substantial amount of evidence 
from a variety of sources, including X-ray diffraction patterns (Hanson 
_e£ al., 1973), three-dimensional reconstruction of optical diffraction 
patterns of electron micrographs (Moore e_t _al. , 1970), and biochemical 
data (Bremel _et a^., 1973; Spudich and Watt, 1971) indicates that, in 
skeletal muscle myofibrils, one tropomyosin molecule interacts with 
seven actin monomers in the thin filament and that individual tropomyosin 
molecules are joined head-to-tail to produce a continuous tropomyosin 
strand along the entire length of the thin filament. Presumably, cardiac 
and smooth muscle tropomyosin, which have subunit molecular weights and 
molecular lengths similar to skeletal muscle tropomyosin, also form a 
continuous strand along the thin actin filaments in cardiac and smooth 
muscle myofibrils. The presence of this continuous tropomyosin strand 
could block all a-actinin binding sites along the length of this filament 
in skeletal, cardiac, and smooth muscle myofibrils and thereby limit 
a-actinin binding to the ends of thin filaments in these tissues (Goll 
_et al., 1972; Stromer and Goll, 1972). 
Although fibroblasts (Yang and Perdue, 1974) and brush borders of 
intestinal epithelial cells (Mooseker and Tilney, 1975) also contain 
tropomyosin, the tropomyosin in these tissues has a subunit molecular 
weight near 30,000 to 31,000. The ostensible length of tropomyosin 
molecules with subunit molecular weights of 30,000 to 31,000 daltons 
is 340 to 345 A (Fine ^  , 1973). Assuming the same geometrical 
relationship to the double-stranded actin filament as exists in skeletal, 
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cardiac, or smooth muscle cells, a tropomyosin molecule 340 to 345 A 
long would interact with 5.7 to 6.0 actin monomers. Consequently, if 
thin filaments in fibroblasts or brush borders of intestinal epithelial 
cells contain the same number of tropomyosin molecules per unit length 
as thin filaments in skeletal, cardiac, or smooth muscle cells, one actin 
monomer out of seven would not be blocked by tropomyosin and would be 
free to interact with a-actinin. Because seven actin monomers extend a 
translational distance of exactly one, 38.5 nm repeat distance along the 
actin filament, the presence of a "short" tropomyosin having a subunit 
molecular weight of 30,000 to 31,000 daltons would permit binding of 
two a-actinin molecules (one for each strand in the double-stranded actin 
filament) every 38.5 nm along the actin filaments. No 38.5-nm periodicity 
would be observed in microfilaments after incubation with anti-a-actinin, 
however, unless adjacent microfilaments in a microfilament bundle were 
aligned in register. Consequently, that microfilaments in fibroblasts and 
the brush borders of intestinal epithelial cells contain a "short" 
tropomyosin and also have a-actinin distributed along their entire length 
provides further indirect support for the idea that tropomyosin is 
involved in regulating binding of a-actinin to actin filaments. 
Finally, if tropomyosin is actually involved in limiting binding of 
a-actinin to certain parts of actin filament, the absence of tropomyosin 
in the acrosomal process of Limulus sperm would be expected to result in 
a-actinin binding all along the length of the microfilaments in these 
processes. The studies described in this thesis show that anti-a-actinin 
binds all along the acrosomal process of Limulus sperm, and that in some 
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instances, a-actinin binds to these processes with a periodicity of 
approximately 35 to 40 nm. 
Although the proposal that tropomyosin regulates a-actinin binding 
to actin filaments explains how a-actinin can be restricted to discrete 
areas in skeletal, cardiac, and smooth muscle cells but be found along 
the length of microfilaments in fibroblasts, brush borders of intestinal 
epithelial cells, and acrosomal processes of Limulus sperm, this proposal 
does not explain the large periodicities observed in fluorescence micro­
graphs of fibroblasts after incubation with anti-a-actinin or anti-
tropomyosin. Both studies described in this thesis with chick embryo 
fibroblasts and studies on rat embryo and human skin fibroblasts by 
Lazarides and coworkers (Lazarides, 1975a, 1976; Lazarides and Burridge, 
1975) have shown that anti-a-actinin and anti-tropomyosin bind in a 
periodic fashion to some, but not all, of the microfilaments in fibro­
blasts. Lazarides (1975a) finds that anti-tropomyosin binds to some 
microfilaments in human skin fibroblasts to produce fluorescent segments 
800 to 1700 nm long (average length of 1200 nm) and nonfluorescent seg­
ments 300 to 500 nm long (average length of 400 nm). Anti-a-actinin, 
on the other hand, binds to some of the microfilaments in rat embryo 
fibroblasts to give fluorescent segments 300 to 500 nm long and non-
fluorescent segments 800 to 1700 nm long (Lazarides and Burridge. 1975)= 
Incubation of rat embryo fibroblasts with anti-tropomyosin followed by 
incubation with anti-a-actinin resulted in continuous fluorescence along 
the microfilaments (Lazarides and Burridge, 1975). Although the results 
described in this thesis for anti-tropomyosin and anti-a-actinin binding 
to chick embryo fibroblasts are similar to the results reported by 
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Lazarides and coworkers (Lazarides, 1975a, 1976; Lazarides and Burridge, 
1975), some subtle but important differences exist. Periodic binding of 
anti-a-actinin used in the present studies produced fluorescent segments 
150 to 200 nm long and nonfluorescent segments 1100 to 1900 nm in length 
compared with 300 to 500 and 800 to 1700 nm segments reported for the same 
binding by Lazarides and Burridge (1975). Anti-tropomyosin binding to 
chick embryo fibroblasts in the present study gave fluorescent segments 
800 to 1100 nm long and nonfluorescent segments 600 to 800 nm in length 
compared with the 800 to 1700 and 300 to 500 nm segments reported by 
Lazarides (1975a). Moreover, in the studies described in this thesis, 
anti-a-actinin binding was especially intense at the tips of pseudopodia 
or microspikes projecting from the periphery of the cell and occurred 
frequently on bundles of microfilaments or stress fibers in the cell 
interior. Lazarides (1976) and Lazarides and Burridge (1975) find less 
anti-a-actinin binding at the periphery of cells, show periodic binding 
of a-actinin more frequently, and have less anti-a-actinin binding to 
stress fibers than was found in the present study. Although these subtle 
differences in the pattern of anti-a-actinin binding to fibroblasts could 
originate from differences in handling of the cells, it also seems 
possible that the a-actinin antigen used by Lazarides was not homogeneous. 
Lazarides obtained his a-actinin antigen from our laboratory and did not 
use preparative polyacrylamide slab electrophoresis to purify it. Tlie 
results described in this thesis show that this a-actinin antigen is 
inhomogeneous and elicits antibodies that bind to M-lines dd well as to 
Z-disks of myofibrils. Moreover, Lazarides (1976) finds a "split-line" 
effect upon immunoelectrophoresis of his anti-a-actinin against the 
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antigenic a-actinin used to produce it. We have shown (Schollmeyer _et 
al., 1976) that antibody to a 170,000-dalton M-protein binds periodically 
to chick embryo fibroblasts and that anti-M-protein, anti-a-actinin, and 
anti-tropomyosin all are necessary to produce a continuous fluorescence 
along microfilaments in chick embryo fibroblasts. Omission of anti-M-
protein leaves nonfluorescent segments 300 to 700 nm long. 
Even though some of the periodicity reported in Lazarides' studies 
of anti-a-actinin binding to fibroblasts (Lazarides, 1976; Lazarides 
and Burridge, 1975) may be due to the presence of anti-M-protein in 
Lazarides' antibody preparations, it is clear from the results presented 
in this thesis that anti-a-actinin does bind in a periodic fashion to 
some of the microfilaments in fibroblasts. The 150 to 200-nm fluorescent 
segments produced by anti-a-actinin binding to fibroblasts are slightly 
larger than the 60 to 145-nm widths of Z-disks in different muscles 
(Eisenberg and Kuda, 1976), and the 800 to 1700-nm nonfluorescent segments 
are slightly smaller than the 2000 to 2500-nm distances between Z-disks 
in skeletal muscle myofibrils. Nonetheless, these distances are 
sufficiently similar to suggest that microfilaments in fibroblasts could 
be arranged in a manner similar to the thick and thin filament structures 
that exist in striated muscle myofibrils, with densely staining regions 
800 to 1700 nm apart functioning in a role similar to Z-disks in striated 
muscle myofibrils. Wessels e^ (1973) have indicated that densely 
staining areas seem to be distributed periodically along microfilament 
bundles in fibroblasts with a distance of 600 to 1200 nm between adjacent 
regions. If microfilaments in fibroblasts are structurally related to 
fibroblast myosin in a way analogous to the thick and thin filament 
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structure in striated muscle myofibrils, then anti-M-protein would be 
expected to bind periodically at a location midway between fluorescent 
segments produced by anti-a-actinin binding. Although this proposal for 
the structure of microfilaments and myosin in fibroblasts explains why 
it was necessary to use anti-M-protein in addition to anti-a-actinin 
and anti-tropomyosin to produce continuous fluorescence along micro­
filament bundles in our experiments with fibroblasts (Schollmeyer et al., 
1976), further study is clearly necessary to establish the validity of 
this model. 
Molecular Anatomy of the a-Actinin/Actin Interaction 
and its Implications for Z-Disk and Dense Body Structure 
The molecular architecture of Z-disks in striated myofibrils was 
studied in this thesis by using three different approaches: 1) localiza­
tion of anti-a-actinin and anti-tropomyosin binding to striated myo­
fibrils, 2) a search for new myofibrillar proteins that might be hitherto 
undiscovered Z-disk proteins, and 3) use of a recently discovered and 
very specific Ca^^-activated proteolytic enzyme that rapidly removes Z-
disks. The antibody localization studies summarized in the preceding sec­
tion of this Discussion indicated that Z-disks in a variety of striated 
myofibrils all bound anti-a-actinin but that Z-disks in porcine skeletal 
or porcine cardiac myofibrils bound no anti-tropomyosin. Because the 
antibody binding results described in this thesis also indicated that 
anti-a-actinin, in general, binds to regions that stain densely and appear 
amorphous in the electron microscope, it seemed possible that a-actinin 
constituted part or all of the amorphous or matrix component of the Z-disk 
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as described by Kelly and Cahill (1972) and that this amorphous component 
masks the protein in Z-filaments and prevents antibody binding to these 
filaments. Consequently, some studies were done measuring antibody 
binding to frog skeletal myofibrils, which have less amorphous component 
in their Z-disks than mammalian skeletal muscle myofibrils5 to 7-day 
tadpole myofibrils, which have very little amorphous component in their 
Z-disks, and to myofibrils that had been extracted with a low ionic 
strength solution to partly remove the amorphous component and leave 
the Z-filaments intact. Because the thin filament seems to branch into 
four different strands as it enters the Z-disk (Franzini-Armstrong, 1973; 
Katchburian jet £l., 1973; Knappeis and Carlsen, 1962) and because thin 
filaments consist of two strands of tropomyosin lying in the two grooves 
of a helix formed by two strands of actin (Hanson ^  j 1973; Moore 
et al., 1970), it seemed reasonable that Z-filaments might be composed 
of actin or tropomyosin or both. Antibody to tropomyosin was already 
available, so myofibrils having Z-disks with little amorphous component 
or with the amorphous component partly extracted were incubated with 
anti-tropomyosin to determine whether lack of the amorphous component 
would permit antibody binding to a previously inaccessible protein in 
Z-filaments. As indicated in the preceding section of this Discussion, 
these experiments showed that anti-tropomyosin clearly binds to Z-disks 
in 7-day tadpole myofibrils and to Z-disks in adult frog myofibrils after 
these latter myofibrils had been extracted at low ionic strength to 
remove part of the amorphous component of their Z-disks. It was also 
possible to detect anti-tropomyosin binding to the lattice of nemaline 
rods in human nemaline myopathy muscle after these rods had been extracted 
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at low ionic strength for 40 days to remove much of the amorphous 
component normally associated with them. Z-disks in unextracted adult 
frog myofibrils also seemed to bind small amounts of anti-tropomyosin, 
presumably because these Z-disks contain less amorphous component than 
Z-disks in mammalian striated muscle myofibrils and occasional Z-
filaments are therefore exposed for antibody binding. The difficulty 
that was described in the first section of this Discussion in obtaining 
good yields of clectron-dense, peroxidase reaction product in anti-
tropomyosin binding experiments, however, made it impossible to determine 
whether anti-tropomyosin was binding to exposed Z-filaments in Z-disks 
having little or no amorphous material or whether anti-tropomyosin might 
be binding to a protein in the lattice spacings between the Z-filaments. 
Consequently, it was impossible to conclude from these antibody binding 
experiments whether any Z-filaments definitely contain tropomyosin, 
whether part of the Z-filaments might be composed of actin and part of 
tropomyosin, or whether all Z-filaments might contain tropomyosin. It 
also was impossible to adjust conditions ot low ionic strength extraction 
to obtain complete extraction of a-actinin and still leave an appreciable 
proportion of Z-filaments intact. Therefore, although the antibody 
binding experiments described in this thesis indicate that Z-disks 
contain some tropomyosin that normally is unavailable for antibody 
binding, and that a lowered content of the amorphous component permits 
anti-tropomyosin binding to Z-disks, these experiments did not prove 
that Z-filaments contain tropomyosin. Indeed, the results of these 
antibody binding experiments would not eliminate the possibility that 
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Z-filaments might be composed of actin or of an as yet undiscovered myo­
fibrillar protein. 
A second set of experiments used IZI brushes to determine whether 
Z-disks might contain a hitherto undiscovered protein. With the exception 
of very small quautities of polypeptides having molecular weights of 
55,000 and 135,000 as measured by SDS-polyacrylamide gel electrophoresis, 
all proteins separated by either SDS-polyacrylamide gel electrophoresis 
or urea-polyacrylamide gel electrophoresis of solubilized IZI brushes 
could be identified with the known myofibrillar proteins. Therefore, if 
Z-disks contain any new proteins besides the 55,000 and 135,000-dalton 
polypeptides, these new proteins must contain subunits that have both a 
molecular weight and a net charge at pH 8.5 that is very close to the 
molecular weight and net charge of one of the known myofibrillar proteins. 
Such a close similarity in both molecular mass and net charge at pH 8.5 
seems very unlikely. It seems safe to conclude, therefore, that Z-disks 
do not contain large amounts of any as yet undiscovered protein, and 
that if Z-disks contain any new protein at all, this new protein must have 
a subunit molecular weight of 55,000 or 135,000 and be present in only 
small amounts. Selective extraction of IZI brushes also showed that any 
extraction procedure that removes tropomyosin also totally disrupts Z-disk 
structure, even though a-actinin may not be extracted. Thus, extraction 
of IZI brushes with 1 M KCl completely removes tropomyosin and troponin 
from these brushes but extracts only very small amounts of a-actinin. Yet 
1 M KCl extraction invariably causes total disruption of Z-disk structure. 
Extraction of IZI brushes with water removes tropomyosin, troponin, and 
a-actinin simultaneously and also disrupts Z-disk structure in proportion 
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to the amount of protein extracted. Neither 1 M KCl nor water extraction 
removes appreciable amounts of the 55,000 and 135,000-dalton polypeptides 
but both extractions remove appreciable quantities of actin. Conse­
quently, the IZI brush experiments described in this thesis are also 
consistent with the proposal that tropomyosin has an important role in 
Z-disk structure and that tropomyosin may constitute part or all of the 
Z-filaments in Z-disks. As was the situation with the antibody binding 
experiment, however, these IZI brush experiments do not prove that 
Z-filaments contain tropomyosin, although they clearly limit the number 
of possible alternatives to this hypothesis. 
The discovery (Busch et al., 1972), purification (Dayton, 1974; 
Dayton et al., 1976a) and characterization (Dayton ^  , 1975, 1976a) 
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of a Ca -activated proteolytic enzyme (CAP) that very quickly removes 
Z-disks but that has very limited and specific effects on the myofibrillar 
proteins permitted some studies using this protease as a molecular probe 
of Z-disk architecture. The results of these experiments were very 
surprising and may have important consequences for ideas aborir the 
a-actinin/F-actin Interaction and Z-disk structure. Incubation of CAE 
with myofibrils results in complete removal of Z-disks and of the 38.5-nm 
periodicity associated with the presence of troponin along the thin 
filament (Dayton, 1974 ; Dayton _et a^. , 1975, 1976b), Both the amorphous 
component and the Z-disk lattice are completely gone after CAP treatment. 
Examination of the effects of CAP on the known myofibrillar proteins shows 
that CAP degrades C-protein, troponin-T, tropomyosin, and troponin-I, 
but has no effect on myosin (either heavy or light chains), a-actinin, 
actin, or troponin C (Dayton jet _al. , 1975). Assembly of these 
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myofibrillar proteins into a myofibril has no effect on their vul­
nerability to degradation by CAP. Z-disk removal from myofibrils by 
CAP is accompanied by complete removal of a-actinin from the myofibril. 
Careful studies of the a-actinin released from myofibrils by CAF have 
shown that it is completely intact with no changes in either its N- or 
C-terminal amino acids (Zeece, Goll, Dayton, Robson, and Stromer, 
unpublished results). Studies of Z-disk removal from IZI brushes by CAF 
have shown that the 55,000-dalton polypeptide in these brushes is 
rapidly destroyed at approximately the same rate that Z-disks are removed. 
The 135,000-dalton polypeptide, on the other hand, is not affected by CAF 
treatment and remains with the Z-disk-free residue even after extensive 
CAF treatment. This finding suggests rather strongly that the 135,000-
dalton polypeptide cannot be involved in Z-disk architecture. 
These results using CAF as a probe of Z-disk architecture raise an 
important question concerning the binding of a-actinin to Z-disks.. 
In vitro studies (Holmes ^  , 1971) clearly show that a-actinin binds 
only to filamentous accin among the known myoiibrillai pioLeius. YeL 
CAF, a proteolytic enzyme that degrades neither purified a-actinin nor 
purified actin in jui vitro assays very quickly destroys Z-disks and 
releases a-actinin. It may be suggested that the simple interaction of 
a-actinin with actin changes the conformation of one or both these 
proteins to make them susceptible to proteolysis by CAF. Purified CAF, 
however, is unable to liberate a-actinin from the a-actinin/F-actin 
complex formed by mixing purified a-actinin and purified fibrous actin 
in vitro (Dayton, 1974). Indeed, neither a-actinin nor actin in such a 
complex is altered by even prolonged incubation with CAF (Dayton, 1974). 
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This result clearly indicates that binding of a-actinin to Z-disks in 
striated myofibrils differs from binding of purified a-actinin to 
purified actin in vitro. At the present stage, at least two hypotheses 
can be suggested to account for the different effects of CAF on Z-disks 
and on in vitro mixtures of a-actinin and fibrous actin. First, it is 
possible that the molecular architecture of either a-actinin or actin in 
the Z-disk is different from that of purified a-actinin or purified 
actin so that one or both of these proteins becomes susceptible to 
proteolytic degradation by CAF. This difference in molecular architec­
ture is not due to any interaction between a-actinin and F-actin but 
is a naturally occurring conformational state that is energetically 
stable when the protein is in the Z-disk. That a-actinin released from 
myofibrils by CAF is completely intact demonstrates that a-actinin in 
the Z-disk is not in a state that is susceptible to proteolysis by CAF. 
The large amount of actin in the myofibril, however, makes ii impossible 
to determine whether a small amount of actin (only that involved in bind­
ing a-actinin to the Z-disk) is degraded during Z-disk removal by CAF. 
If a small amount of actin is degraded during Z-disk removal by CAF, 
however, it must be rapidly and completely degraded to very small peptides 
because no polypeptide fragments of 20,000 daltons or larger are ever 
observed on SLS-polyacrylariiide gels of IZI brushes assayed at intermediate 
stages of Z-disk removal by CAF (Dayton, unpublished observations). 
Electron microscope studies (Hanson and Lowy, 1963; Moore _et _a].., 1970) 
have shown that the structure of purified fibrous actin, which is com­
pletely resistant to CAF degradation, is identical to the structure of 
fibrous actin in the thin filaments of striated muscle. It may seem 
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surprising that an actin structure energetically stable in the thin 
filament is also not energetically the favored structure of any actin 
that may exist in the Z-disk. As indicated earlier in this section, 
however, careful electron microscope studies (Franzini-Armstrong, 1973; 
Katchburian et al., 1973; Knappeis and Carlsen, 1962) show rather clearly 
that the thin filament divides into four filaments as it enters the Z-
disk. The simplest hypothesis for the protein composition of these four 
filaments is that two of them are continuations of the two tropomyosin 
strands that lie in each of the two grooves of the double-stranded 
actin helix (Hanson et , 1973), and that the other two are continu­
ations of each of the two strands of actin that are wound around one 
another in the thin filament. If two of the four Z-filaments emanating 
from a single thin filament are indeed single strands of actin, it 
may be suggested that a) a-actinin binds as strongly to single-stranded 
fibrous actin as it does to double-stranded fibrous actin in in vitro, 
and b) unlike double-stranded fibrous actin, single-stranded fibrous 
actin is very labile to proteolytic degradation by CAP. Therefore, this 
hypothesis for Z-disk architecture proposes that one-half the Z-filaments 
are tropomyosin strands and that the other half of the Z-filaments are 
single strands of fibrous actin. a-Actinin constitutes the amorphous 
material in the Z-disk. where it is attached to single strands of fibrous 
actin. Because a-actinin can cross-link F-actin filaments in vitro, it 
may even be suggested that amorphous a-actinin forms cross-links between 
single strands of actin and thereby strengthens these strands. Although 
this hypothesis is consistent with all the antibody localization, IZI 
brush, and CAP experiments described here, it should also be pointed out 
312 
1) that no evidence exists for the presence of any actin in the Z-disk, 
and 2) that single-stranded fibrous actin has never been observed although 
actin has been an extensively studied protein. Consequently, considerable 
additional study is necessary to prove that the molecular architecture of 
Z-disks actually resembles the structure proposed in this hypothesis. 
That this hypothesis proposes some rather definite associations in the 
Z-disk, however, makes it amenable to experimental testing. 
A second hypothetical Z-disk structure that is also consistent with 
all the observations described thus far suggests that a third protein, 
which is very labile to CAP, is involved in binding of a-actinin to 
actin in the Z-disk. Because a-actinin does not bind to any of the known 
myofibrillar proteins other than fibrous actin, this third protein would 
have to be a new hitherto undescribed myofibrillar protein. The studies 
described in this thesis with IZI brushes and the fact that the 55,000-
dalton polypeptide in these brushes is very labile to CAP degradation 
suggests that this 55,000-dalton polypeptide could be a third protein 
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recent studies have described the ostensible association of a 55,000-
dalton polypeptide with a-actinin and actin in several different motile 
systems. For example, several studies (Ashton e_t _al., 1975; Rice and 
Brady, 1972; Somylo _et , 1973) have shown that smooth muscle dense 
bodies, which contain a-actinin, are associated with both 6-nm actin-
containing filaments and 10-nm intermediate filaments, and we 
(Schollmeyer ^  , 1976) have shown that the 10-nm intermediate 
filaments contain a 55,000-dalton polypeptide. If 10-nm intermediate 
filaments in other tissues also contain this 55,000-dalton polypeptide, 
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then desmosomes in intestinal epithelial cells and in intercalated disks 
of cardiac muscle cells are anotJier example of an association between 
a-actinin and a 55,000-dalton polypeptide because the results in this 
thesis show that these desmosomes contain a-actinin and Ishikawa _et al. 
(1969) have shown that the 10-nm filaments coursing into these desmosomes 
do not bind heavy meromyosin and therefore do not contain actin. 
Consequently, desmosomes in cardiac muscle and intestinal epithelial 
cells may be an example of an association between a-actinin and a 55,000-
dalton polypeptide in the absence of actin, although the presence of 6-nm 
actin filaments inserting into these desmosomes has not yet been 
definitely excluded. Brecher (1975) has also reported the association 
of 10-nm intermediate filaments with desmosomes located at the plasma 
membrane of PtK^ cells grown in culture. The acrosomal process of 
Limulus sperm may be the clearest example of an association among 
a-actinin, actin, and a 55,000-dalton polypeptide. Tilney (1975) has 
shown that this acrosomal process consists exclusively of 100,000-dalton, 
42,000-dalton, and 55,000-dalton components, and has established that 
the 42,000-dalton component is actin. The antibody localization results 
described in this thesis show that the 100,000-dalton component is 
a-actinin. In other less well-characterized systems, Bullard et al. 
(1973) have shown that Lethocerus (water bug) flight muscle contains 
a 55,000-dalton component that copurifies with actin, and Hammond and 
Goll (1975) have shown that Lethocerus flight muscle contains a-actinin. 
Similarly, the 8 to 9-nm filaments in axons from bovine brain contain a 
51,000-dalton polypeptide (Shelanski et al., 1973), and Chang and Goldman 
(1973) have shown that axons in cultured neuroblastoma cells contain 
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actin-like filaments. Kane (1975) has recently described a 58,000-dalton 
component that is not tubulin and that is extracted with actin from sea 
urchin eggs. It is not yet clear whether all these 51,000 to 58,000-
dalton polypeptides are actually the same protein, and much additional 
biochemical characterization of these polypeptides in different movement 
systems is obviously required before it can be concluded that some 
unique association exists among actin, a-actinin, and a 55,000-dalton 
polypeptide. If a 55,000-dalton protein polypeptide is involved in bind­
ing a-actinin to the Z-disk, the almost complete lack of information on 
ability of the 55,000-dalton component to bind to actin and a-actinin pre­
cludes development of a detailed proposal for how a-actinin is arranged in 
the Z-disk, such as was outlined for the hypothetical Z-disk structure 
proposed in preceding paragraphs. It is evident from SDS-polyacrylamide 
gels, however, that porcine skeletal muscle contains very little of the 
55,000-dalton component; hence, one molecule of 55,000-polypeptide 
would clearly have to be involved in binding of more than one molecule 
of a-actinin to the Z-disk. Moreover, the low proportion ol ttie 55,000-
dalton component would also argue against it constituting the backbone 
of Z-filaments, so these filaments would still need to be composed of 
tropomyosin or actin or both. In summary, although the available 
evidence is not conclusive, it currently seems likely that a-actinin 
constitutes most if not all of the amorphous component of Z-disks and 
that Z-filaments are composed of tropomyosin and possibly also of actin. 
Details of hm-; a-actinin is bound to the Z-disk remain very unclear, but 
this binding must differ from the vitro binding resulting when 
purified a-actinin and purified fibrous actin are mixed. 
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\'Jh.at Implications Do the Distribution and Location of a-Actinin 
and Tropomyosin Have for the Physiological Functions of these Proteins? 
Despite the fact that both a-actinin and tropomyosin are well charac­
terized protein molecules whose molecular weights and other physical 
parameters are well known (e.g., see Suzuki et , 1976; Woods, 1967), 
the physiological functions of both these proteins remain unclear. 
In those contractile systems that contain troponin (e.g., vertebrate 
skeletal and cardiac muscle; see Lehman and Szent-Gyorgyi, 1975, for 
review), tropomyosin clearly is involved both in binding the troponin 
complex to actin (Ebashi ^  , 1969; Hitchcock, 1973, 1975; Hitchcock 
e_t £l., 1973; Margossian and Cohen, 1973; Spudich _et , 1972) and in 
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transmitting the signal caused by binding of Ca to troponin to a block 
of seven actin monomers (Bremel and Weber, 1972; Bremel ^  , 1973; 
Spudich _et ^., 1972; Tonomura et al., 1969). Many biological movement 
systems, including smooth muscle (Sobieszek and Bremel, 1975; Sobieszek 
and Small, 1976), molluscan and other invertebrate skeletal muscles 
(Lehman and Szent-Gyorgyi, 1975; Szent-Gyorgyi, 1975) and probably most 
nonmuscle movement systems (Adelstein and Conti, 1974; Malik et al., 
1974; Stossel and Hartwig, 1975), however, evidently have no troponin. 
That tropomyosin has been found in almost all motile systems studied 
thus far (no tropomyosin has yet been found in Acanthamoeba or in the 
acrosomal process of Limulus sperm) suggests that tropomyosin in these 
systems has a physiological role that does not involve troponin. The 
localization studies described in this thesis show that tropomyosin is, 
in general, located along the length of 6-nm actin-containing filaments, 
and as discussed in the preceding paragraphs, also seems to be located 
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in Z-disks of striated muscle and dense bodies of smooth muscles. The 
location of tropomyosin along the length of actin filaments might suggest 
that, even in the absence of troponin, tropomyosin acts to transmit 
informational changes induced by interaction with myosin along the actin 
filament, so that a single filament containing several hundred actin 
monomers functions as a cooperative unit. Loscalzo ^ _al. (1975), 
however, have recently shown that actin filaments free of tropomyosin 
function cooperatively. Consequently, tropomyosin is not necessary for 
cooperative behavior of actin monomers in an actin filament, although 
it is possible that tropomyosin is involved in subtle as yet unknown ways 
in transmitting signals along thin filaments. 
Based on the available evidence, two other physiological functions 
may be suggested for tropomyosin: 1) the presence of two tropomyosin 
strands lying in the grooves of the double-strand helical actin filament 
may strengthen and stiffen the actin filaments; this strengthening may 
be important in assisting actin filaments to transmit tension in contrac­
tion or to maintain certain cell shapes in nonmuscle systems; and 2) the 
presence of tropomyosin along the thin filament may regulate binding of 
ci-actinin to actin filaments as was suggested in the first section of this 
Discussion. Little direct evidence exists to indicate whether actin 
filaments mav be sienificantlv strp.rip-the.ned bv tronomvosin. although 
several physical measurements have Indicated that addition of tropomyosin 
causes purified actin filaments in vitro to stiffen and become less 
flexible (Fujime and Ishiwata, 1971; Maruyama ejL , 1974). The 
physiological significance of this loss of flexibility remains unclear, 
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but it seems possible that tropomyosin could act physiologically to 
stiffen actin filaments. 
Direct biochemical (Goll et , 1972; Holmes ^  , 1971) and 
electron microscope (Stromer and Goll, 1972) evidence has shown that 
tropomyosin can act in mammalian skeletal muscle to limit a-actinin bind­
ing to the Z-disk end of the actin filament. In the absence of tropo­
myosin, a-actinin binds all along the length as well as to the Z-disk 
end of skeletal muscle actin filaments. Ability of tropomyosin to 
prevent a-actinin binding along the length of actin filaments also 
increases as the temperature increases above 10°C into the physiological 
range (Goll et al., 1972; Holmes et al., 1971; Stromer and Goll, 1972). 
That contractile protein systems lacking tropomyosin (Tilney, 1975) or 
having a short form of tropomyosin that might leave periodic segments 
of the thin filament unblocked (Mooseker and Tilney, 1975) have been 
shown in this thesis to contain a-actinin distributed along the entire 
length of the thin filament lends additional, indirect support to the 
proposal that at least one of the physiological functions of cropomyosiu 
is to regulate a-actinin binding to actin filaments. 
It has been proposed (Suzuki et , 1976) that a-actinin could have 
at least three physiological functions: 1) it may serve as an attachment 
plaque or organizing center for preformed actin filaments; by exhibiting 
a binding specificity for actin filaments, a-aciinin could control 
directionality of these filaments; 2) a-actinin may nucleate aggregation 
of actin monomers and thereby assist in regulating the proportion of 
aggregated to monomeric actin in cells; and 3) a-actinin may modify 
structure of actin monomers while these monomers are in the aggregated 
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filamentous state, and this modification may enhance the effectiveness 
of actin in biological movement; this role of a-actinin is based on 
a-actinin's ability to accelerate in vitro measures of muscle contraction 
(Arakawa et al., 1970; Ebashi and Ebashi, 1965; Ebashi et 1964; 
Goll e;t al., 1972; Robson _et , 1970). The results described in this 
thesis on location of a-actinin in different movement systems have little 
direct bearing on the possible ability of a-actinin to modify conformation 
of actin monomers while these monomers are assembled into a filament. 
Studies by others have shown that highly purified a-actinin from skeletal 
(Goll e_t al^. , 1972; Robson _et al^., 1970; Suzuki et al. , 1973), cardiac 
(Robson and Zeece, 1973), and smooth (Robson, Huiatt, Zeece, Goll, and 
Stromer, unpublished results) muscle all are capable of increasing 
in vitro measures of muscle contraction. The studies in this thesis show 
that a-actinin is present in every movement system examined for its 
presence; this suggests that a-actinin is a common and perhaps universal 
component of movement systems and indicates that a-actinin may have a 
fuuiiameuLâl tole in uiolugical uioveuieiiL. IT it ia assuiueu uliât modify­
ing conformation of actin monomers to enhance their effectiveness in 
movement is a role more vital to movement than nucleating actin aggregation 
or serving as an attachment plaque for actin filaments, then the results 
in this thesis may provide some very indirect support for the proposal 
that one possible physiological role of a-actinin is to modify structure 
of actin monomers. The results described in this thesis on localization 
of a-actinin do clearly show that, in many movement systems, a-actinin 
is located exclusively at the ends of actin filaments. If a-actinin, 
located at only one end of the actin filament, is to enhance the 
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offcictIvenesH of act.in in supportlnp, movement, it must be able to cause 
a conformational change that is propagated along the length of the entire 
filament. Studies of the effects of a-actinin on ATPase activity of 
actin filaments (I. Singh, Iowa State Univ., Unpublished material, 1974) 
and on the rate of release of nucleotide bound to actin filaments (Craig-
Schmidt _et , 1975) have indicated that a-actinin can orchestrate long-
range conformational changes in actin filaments. Consequently, the 
results of this thesis are consistent with but do not provide direct 
evidence for the proposal that one of the physiological functions of 
a-actinin is to modify conformation of actin monomers and thereby increase 
the effectiveness of actin in supporting biological movement. 
Because the studies described in this thesis on a-actinin localiza­
tion in nonmuscle systems were not done at different stages in the cell 
cycle or before and after participation of the cells in specified 
biological events, the results also have little direct bearing on the 
proposal that one of the physiological roles of a-actinin is to nucleate 
or otherwise control aggregation of actin monomers. Most studies on 
a-actinin localization in this thesis involved skeletal, cardiac, or 
smooth muscle. Because actin in these systems evidently remains in the 
filamentous, aggregated state both during contraction and rest (Huxley 
and Browu, 1907j Maïtonosi et al«, 1960), thesc systems are not very 
appropriate for studying the possible role of a-actinin in nucleating 
assembly of actin monomers into filaments. Movement in muscle cells is 
usually unidimensional, occurs repetitively in the same plane and the 
same location, and with the exception of cardiac muscle, passes through 
periods of activity followed by periods of rest. In such systems, it 
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clearly seems advantageous to have actin filaments remain assembled, 
oriented in a given position, and ready for use. Movement in nonmuscle 
systems, however, occurs erratically in all three dimensions (a single 
area is likely to move in one dimension for a short period of time and 
then suddenly move in a direction perpendicular to the first direction) 
and the range of possible movements is almost infinite. It clearly 
would be very difficult to accomplish the wide range of different kinds 
of movement observed in nonmuscle cells if actin filaments remained 
assembled because an entire filament would have to be reoriented every 
time direction of the motion changed. Consequently, unlike those in 
skeletal muscle cells, actin filaments in most nonmuscle cells are 
transitory, appearing when needed and disappearing when motion ceases, 
only to reappear later at a different cytoplasmic location and frequently 
in a different orientation. It is clear, therefore, that movement in 
nonmuscle cells can be controlled simply by controlling the assembly 
and disassembly of actin monomers into filaments, Tilney (1976a,b) 
has recently described a puuket of nonfilcmentous actin in Tliyone sperm. 
ITiis actin is not surrounded by a membrane but nevertheless remains 
confined in a localized area next to the acrosomal vesicle. Even 
though its concentration is 100 mg/ml or greater, the actin in this 
area neither diffuses through the cell nor assembles to form filaments 
(Tilney, 1976a). SDS-polyacrylamide gel electrophoresis reveals that 
this pool of nonfilaraentous actin in Thyone sperm also contains two 
polypeptide chains in addition to actin. These polypeptide chains have 
molecular weights of 230,000 and 250,000 and are homologous to the 
polypeptides in the protein, spectrin, isolated from erythrocyte 
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membranes. These two polypeptide chains are evidently involved in 
keeping the pool of nonfilamentous actin in a confined area because 
removal of these two polypeptides by tryptic digestion results in 
diffusion and spreading of the pool of nonfilamentous actin. Even after 
destruction of these two polypeptide chains by tryptic digestion, 
however, the nonfilamentous actin does not assemble into filaments. 
Hence, these two polypeptide chains by themselves are not responsible for 
maintaining the nonfilamentous actin in Thyone sperm in the disassembled 
state. Upon the proper stimulus, the nonfilamentous actin of Thyone 
sperm rapidly assembles to form an acrosomal process that is filled with 
actin filaments and that may be up to 90 ym in length; formation of this 
process occurs in approximately 30 sec. Tilney's observations (1976a,b) 
suggest that the nonfilamentous actin in the periacrosomal region of 
Thyone sperm remains disassembled because it cannot under ordinary condi­
tions nucleate to form filaments. When the 90 ym acrosomal process is 
elaborated, actin filament formation occurs only by addition of nonfila­
mentous actin to a small bundle of filaments, about 50 to 100 nm long, 
that preexist in the periacrosomal area and that seem to protrude from 
the base of the acrosomal vacuole toward the perinuclear region. These 
filaments appear attached to a densely staining region at the base of 
the acrosomal vacuole. It is interesting to recall that the antibody 
localization results described in this thesis suggest that densely 
staining amorphous areas frequently contain a-actinin. Tilney (1976a,b) 
suggests that the rapid assembly of nonfilamentous actin during formation 
of the acrosomal process in Thyone sperm occurs at least partly because 
association with the small bundles of preexisting filaments nucleates this 
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assembly. If this small bundle of preexisting filaments actually con­
tains a-actinin, Tilney's suggestion would strongly implicate a-actinin 
in control of the assembly of actin in Thyone sperm. Other recent in 
vitro experiments have shown that simple addition of a-actinin to 
actin can initiate assembly of actin monomers under conditions where 
these monomers would otherwise remain disassembled (Goll, Robson, and 
Stromer, unpublished results). Consequently, it clearly is possible 
for a-actinin to nucleate assembly of actin monomers into actin filaments, 
but it is not yet clear whether a-actinin actually functions in this way 
in vivo. 
Although the studies described in this thesis on localization of 
a-actinin do not provide strong or direct support for a physiological 
role of a-actinin in nucleation of actin assembly or in modifying actin 
structures to enhance the effectiveness of actin in supporting contrac­
tion, they do provide strong support for the proposal that a-actinin 
functions as an anchor for actin filaments, either tying them to an 
attachment plaque or cross-linking them together. In ail instances 
studied in this thesis, a-actinin was located in close proximity to 
actin-containing microfilaments. In Z-dlsks of skeletal and cardiac 
muscle, and in dense bodies of smooth muscle, a-actinin seemed to be 
located at the ends of microfilaments where it evidently binds together 
microfilaments inserting into these structures from opposite directions. 
a-Actinin also seemed to be located at the ends of microfilaments in 
attachment plaques in chicken gizzard smooth muscle cells and chick 
embryo fibroblasts and in the dense tips of microvilli in the brush 
borders of intestinal epithelial cells. In these latter three instances. 
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however, a-actinln acts as an attachment plaque to bind microfilaments to 
the cycopiasmic surface of the plasmalemma. Three examples were found 
in the studies described in this thesis in which a-actinin bound all along 
the length of microfilaments; 1) part of the microfilaments in fibro­
blasts, 2) microfilaments in the microvilli of the brush borders of 
intestinal epithelial cells, and 3) microfilaments in the acrosomal 
processes of Limulus sperm. The significance of the fact that micro­
filaments in fibroblasts and brush borders of intestinal epithelial cells 
contain a "short" form of tropomyosin and that microfilaments in the 
acrosomal processes of Limulus sperm contain no tropomyosin has already 
been discussed earlier in this Discussion. Although the presence of a 
"short" tropomyosin or the absence of tropomyosin altogether may explain 
how a-actinin can bind all along the length of some microfilaments, it 
does not explain why a-actinin binds all along some microfilaments and 
not along others. Does binding of a-actinin along the entire length of 
a microfilament confer any special physiological advantage? Microfila-
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processes of Limulus sperm are longer than usual. Microvilli or brush 
borders of intestinal epithelial cells are 1,5 to 3.0 ym in length and 
microfilaments in this microvilli extend this entire distance and into 
the terminal web region at the bottom of the microvilli. Acrosomal 
processes of Limulus sperm may be up to 90 ym in length, and microfila­
ments in this process are approximately 3 ym long. The microfilaments 
that bind anti-a-actinin along these lengths in fibroblasts also are 
longer than those microfilaments in the same cell that do not bind 
anti-a-actinin along their lengths. Fluorescence microscope 
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observations made on rat embryo fibroblasts during the first 8 hr after 
plating and before these cells had fully spread out (Lazarides, 1976) 
show that these cells contain a spherical network of microfilaments that 
seem to encircle the entire nucleus. The vertices or foci of this net­
work bind both anti-a-actinin and anti-actin, whereas the microfilaments 
joining these vertices bind anti-actin and anti-tropomyosin but not anti-
a-actinin. No periodicity was seen in anti-tropomyosin binding to the 
microfilaments connecting the vertices of this spherical network. Average 
length of the microfilaments connecting these vertices was 3.7 to 3,8 ym 
(Lazarides, 1976). A second set of microfilaments radiating from the 
vertices of this spherical network and extending to the periphery of the 
cell was also seen in the same cells. Microfilaments in this second set 
were, in general, much longer than those that connect the vertices of the 
network, aad these microfilaments bound anti-actin, anti-tropomyosin, and 
anti-a-actinin. Anti-tropomyosin binding to this second set of micro­
filaments displayed the same periodicity described earlier in this Dis-
PNC c "f T.TT t*h f jim>'ocr»rir>+' cn rrmo-n +-o 1900 r>m 1 r> o-n/^ r\ f 1 
segments 400 nm in length. These observations on fibroblasts together 
with the observations on acrosomal processes of Limulus sperm and micro­
villi of intestinal epithelial cells suggest that a-actinin binds along 
the length of microfilaments whenever these microfilaments exceed some 
length that may be determined by the physiological role of the micro­
filament, It seems possible that a-actinin binding along the length of 
microfilaments cross-links these microfilaments to each other or 
attaches them to the plasmalemina and thereby provides extra strength or 
support for microfilaments that are longer than usual. Electron 
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micrographs of fixed and sectioned intestinal epithelial cells show 
that microvilli in these cells contain lateral protein cross-bridges 
distributed along their length (Mooseker and Tilney, 1975). These 
cross-bridges seem to extend from the microfilaments in the microvilli 
to attach to the plasma membrane surrounding the microvilli. The 
dimensions and shape of these lateral protein bridges are similar to 
those of the a-actinin molecule, which Suzuki e^ al. (1976) have recently 
0 
shown is rod-shaped with dimensions of approximately 40 x 500 A. The 
similarity in shape and size and the results described in this thesis 
that show anti-a-actinin binding along the length of microfilaments 
in microvilli of intestinal epithelial cells makes it very likely that 
these lateral protein bridges are, indeed, a-actinin molecules binding 
microfilaments in these microvilli to the plasma membrane. These obser­
vations indicate that a-actinin can bind microfilaments to the plasma-
lemma. Finally, it is also possible that a-actinin distributed along 
the length of unusually long microfilament bunches acts to bind ends of 
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whose length greatly exceeds the length of the individual microfilaments 
constituting these bundles. 
Tlie acrosomal process of Limulus sperm clearly is a special example 
of a biological movement system. It contains no myosin and seems to be 
constituted entirely of actin, a-actinin, and an unidentified 55,000-
dalton polypeptide. Although the existence of such a movement system 
may seem to eliminate a requirement for myosin in biological movement, 
it should be pointed out that motion of the acrosomal process of Limulus 
sperm is a one-time event; once extended, this process does not withdraw 
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and then re-extend (Tilney, 1975). Even though acrosomal process 
movement differs considerably from muscle contraction, cell ruffling, 
and other generalized cell movements that must have the ability to 
undergo repeated cycles of contraction and extension, the existence of 
this movement system clearly demonstrates that some types of biological 
movement are possible in the absence of myosin. The preceding dis­
cussion of the possible physiological roles of a-actinin suggests that 
a-actinin may have a central role in movement in the absence of myosin. 
Interaction of actin with a-actinin may initiate microfilament formation 
that could produce types of movement as varied as elaboration of an 
acrosomal process, microspike formation, or cell ruffling. Binding of 
tropomyosin to the microfilaments could then dislodge a-actinin and 
cause disassembly of the microfilament. This simple mechanism involves 
only three proteins and yet provides for the infinite variety and rapid 
fluctuations of movement observed in nonmuscle cells. This mechanism 
also is consistent with the universal presence of actin and a-actinin in 
movement systems and suggests that if tropomyosin is abseuL., as iL is in 
the acrosomal process of Limulus sperm, movement would be a one-time 
process. It obviously is important to establish whether a-actinin is a 
universal component of biological movement systems before the hypothesis 
that a-actinin, actin, and tropomyosin can constitute a second general 
type of movement system in addition to the myosin-oriented, sliding 
filament system found in muscle cells can be considered seriously. 
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SUMMARY AND CONCLUSIONS 
The goal of this study was to specify the molecular architecture and 
physiological function of the Z-disk in skeletal muscle. Initially, this 
problem was approached experimentally in two ways. The first approach 
used antibody-binding experiments to determine protein composition of 
the Z-disk. Antibodies were made to a-actinin and tropomyosin, two 
myofibrillar proteins that have been suggested to be located in the 
Z-disk of striated muscle myofibrils, and the location that these anti­
bodies bound to myofibrils was determined at both the light and 
electron microscope levels of resolution. Highly purified a-actinin aud 
tropomyosin made by using a final purification with preparative poly-
acrylamide slab electrophoresis were used as antigens, and the antibodies 
elicited by these highly purified antigens were used directly without 
absorption. Depending on the tissue to be used for the antibody studies, 
a-actinin and tropomyosin were prepared from either porcine skeletal, 
porcine cardiac, or chicken gizzard smooth muscle. The second approach 
to determination of Z-disk composition and molecular architecture was 
more analytical in nature. This approach used selective extractions of 
myofibrils from porcine, skeletal muscle in conjunction with electron 
microscope, antibody binding, and SDS-polyacrylamide gel electrophoresis 
assays of the unextracted residue and SDS-polyacrylamide gel electropho­
resis assays of protein composition of the extracts. Several different 
kinds of studies were done in this second general approach. 
In one line of study, myosin was completely extracted from myofibrils 
to produce IZI brushes. These IZI brushes contain completely intact 
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Z-disks with thin actin filaments attached on either side. IZI 
brushes were dissolved in SDS or 8 M urea, the dissolved brushes were 
subjected to polyacrylamide gel electrophoresis in SDS or 8 M urea, 
and migration distances of the separated proteins were compared with 
migration distances of known myofibrillar proteins to determine whether 
Z-disks contained any new as yet undiscovered proteins. IZI brushes were 
also extracted with 1 M KCl and with H2O to determine what effects 
removal of tropomyosin or a-actinin would have on Z-disk structure. 
A second line of study used low ionic strength extractions of 
glycerinated myofibrils to remove some of the densely staining amorphous 
material from Z-disks. The extracted myofibrils were then incubated 
with antibodies to purified a-actinin and tropomyosin to determine 
whether removal of some of the dennely staining amorphous material would 
eliminate or at least diminish anti-a-actinin binding to Z-disks and 
simultaneously expose a protein that hitherto had been unavailable for 
antibody binding. Composition of the amorphous component of Z-disks was 
also studied by determiuiug anti-a-actinin and anti-tmpomyosin binding 
to frog skeletal Z-disks, which have less amorphous component than 
mammalian muscle Z-disks, and to 7-day tadpole skeletal muscle Z-disks, 
which have almost no densely staining amorphous component. 
Results of the antibody binding experiments used in the first 
approach to determining molecular architecture and physiological function 
of the Z-disk showed that anti-a-actinin, which bound to the Z-disks in 
skeletal muscle, also bound to all regions of the intercalated disk in 
cardiac muscle. In the anticipation that learning the location of 
a-actinin, a Z-disk protein, in several non-Z-disk structures might 
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contribute significantly to understanding the physiological role of 
a-actinin, and hence also, the physiological role of Z-disks, antibody-
binding experiments were done with smooth muscle and with several non-
muscle motile systems to learn whether these systems, which have no Z~ 
disks, might contain a-actinin, and the nature of the a-actinin-containing 
structures in these systems. Smooth muscle used in these experiments 
was obtained from chicken gizzard and porcine uterus tissue. The 
nonmuscle motile systems examined in this third approach to determining 
the molecular architecture and physiological function of the Z-disk 
were fibroblasts, intestinal epithelial cells, and acrosomal processes 
of Limulus sperm. All studies in this third approach used a-actinin and 
tropomyosin prepared from smooth muscle as antigens. 
As a result of these three approaches to determination of the 
molecular architecture and physiological function of the Z-dlsk, the 
following conclusions have been made. 
1. Tropomyosin purified by isoelectric precipitation and a-actinin 
purified by successive chrcmatcgraphy cn tvc DEAE- cellulose columns both 
contain antigenic impurities that elicit antibodies that bind to the M-
llne of striated muscle myofibrils, even though these tî"70 proteins 
purified with these procedures seem almost completely homogeneous when 
examined by SDS-polyacrylamide gel electrophoresis. It is necessary to 
use preparative polyacrylamlde slab electrophoresis to prepare antl-
genically homogeneous tropomyosin and a-actinin. Antibody-binding 
studies that use conventionally purified tropomyosin or a-actinin must 
either demonstrate with unabsorbed antibodies that these preparations 
did not elicit antibodies that bind to the M-line of striated myofibrils. 
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or the results of these studies will be confounded by the possible 
presence of anti-M-protein. 
2. Anti-a-actinin, elicited by a-actinin purified with preparative 
polyacrylamide slab electrophoresis, binds exclusively to Z-disks in myo­
fibrils from porcine skeletal, Limulus skeletal, adult frog skeletal, and 
7-day tadpole skeletal muscle; to Z-disks and all three differentiated 
areas (macula adherens, fasciae adherens, and the macula occludens) of 
intercalated disks in porcine cardiac muscle; throughout nemaline rod 
bodies in human nemaline myopathy skeletal muscle; to dense bodies and 
attachment plaques in chicken gizzard and porcine uterine smooth muscle; 
to subplasmalemmal dense bodies and along the lengths of some, but not 
all, the 6-nm, actin containing microfilaments in chick embryo fibro­
blasts; to the dense tips of microvilli, dense areas in the terminal web 
region, desmosomes (macula adherens) and tight junctions (zonula 
occludens), and all along the length of microfilaments in the microvilli 
of intestinal epithelial cells; and all along the length of microfila-
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actinin binds to those areas that stain densely with conventional electron 
microscope stains and that appear amorphous in the electron microscope. 
With the possible exception of desmosomes in intestinal epithelial cells 
and in intercalated disks of cardiac muscle where it is not yet clear 
whether 6-nm, actin-containing filaments insert into these structures, 
all structures that bind anti-a-actinin are closely associated with 6-nm 
actin-containing filaments. Every movement system examined for its 
presence thus far has been shewn to contain a-actinin. 
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3. Antl-tropomyosin, elicited by tropomyosin purified with 
preparative polyacrylamide slab electrophoresis, binds all along the 
length of 6-ruii, actin-containing filaments in myofibrils from porcine 
skeletal, adult frog skeletal, 7-day tadpole skeletal, porcine cardiac, 
and chicken gizzard smooth muscle; all along the length of one set of 
microfilaments in fibroblasts, periodically in 800 to 1700-nm segments 
interspersed with 300 to 500-nm non-anti-tropomyosin-binding segments 
to a second set of microfilaments in fibroblasts; to Z-disks of 7-day 
tadpole myofibrils; to Z-disks of adult frog myofibrils that had been 
extracted for 2 days with a low ionic strength solvent to remove their 
densely staining amorphous component; and to rod bodies in human nemaline 
myopathy skeletal muscle that had been extracted for 40 days with a low 
ionic strength solvent to remove their densely staining amorphous 
component. 
4. With the possible exception of a polypeptide having a mass of 
55,000 daltons as measured by SDS-polyacrylamide gel electrophoresis, 
Z-disks contain no new as yet unknown proteiua. Tae 55,0G0-daltcn 
polypeptide may or may not be involved in Z-dJsk architecture; it is 
present in smaller amounts than other proteins in IZI brushes, and it 
is rapidly destroyed when Z-disks are completely removed by a Ca^"*"-
activated proteolytic enzyme purified from muscle. 
5. Because 7-day tadpole Z-disks that possess little amorphous 
component bind little anti-a-actinin but bind appreciable amounts of 
anti-tropomyosin, and because Z-disks in adult frog skeletal muscle 
myofibrils or nemaline rods of human skeletal muscle that have been 
extracted at low ionic strength both bind little anti-a-actinin but 
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bind appreciable quantities of anti-tropomyosin, it seems that the 
amorphous component of Z-disks is composed at least in part of a-actinin, 
whereas the Z-filaments are composed, at least in part, of tropomyosin. 
Low ionic strength extraction according to the procedure of Stromer e^ 
al. (1967, 1969) preferentially removes the amorphous component of 
Z-disks. Z-filaments are normally completely covered by amorphous 
component in mammalian skeletal muscle Z-disks, so these filaments are 
not available for antibody binding, and skeletal muscle Z-disks normally 
bind little anti-tropomyosin. The presence of tropomyosin in Z-disks 
accounts for occasional reports in the literature that anti-tropomyosin 
binds to Z-disks. 
6. Because a-actinin binds only to actin among the known myo­
fibrillar proteins and because a-actinin is located in Z-disks, 
Z-disks must either contain actin or some new protein that binds a-actinin 
to the Z-disk. This new protein could be the 55,000-dalton polypeptide 
observed in SDS-polyacrylamide gels of IZI brushes. Because thin fila­
ments containing two strands of actin divide into four strands as they 
enter the Z-disk, and because anti-tropomyosin seems to bind to Z-
filaments, it seems most reasonable to suggest that two of the four 
Z-filaments emanating from a single thin filament are composed of 
tropomyosin and that the other twn Z-filaments emanating from the same 
thin filament are single strands of actin. a-Actinin could then bind to 
the single strands of actin. a-Actinin binding to the Z-disk differs 
from a-actinin binding to ordinary double-stranded actin vitro because 
2+ 
a Ca -activated proteolytic enzyme purified from skeletal muscle 
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releases a-actinin from the Z-disk but does not release a-actinin from 
in vitro complexes with double-stranded actin filaments. 
7. The location of tropomyosin in various movement systems indicates 
that this protein may have three different physiological functions: 1) in 
movement systems containing troponin, tropomyosin binds troponin to the 
pj_ 
thin actin filament and transmits the signal initiated by binding of Ca 
to troponin to seven different actin monomers; 2) tropomyosin may stiffen 
thin, actin-containing microfilaments and assist them in bearing tension; 
this function would be served regardless of the presence of troponin; 
and 3) tropomyosin may regulate binding of a-actinin to actin-containing 
microfilaments, either by preventing it from occurring along the length 
of the actin filament or by permitting it at regular intervals along the 
actin filament. The observations on anti-tropomyosin and anti-a-actinin 
binding in this thesis indicate that this latter role is a particularly 
universal role of tropomyosin. 
8. The location of a-actinin in various movement systems, and the 
in vitro studies on effects of a-actinin on actin and actin-myosin com­
plexes indicate that a-actinin has three different physiological roles: 
1) a-actinin may modify structure of actin monomers while these monomers 
are assembled into a filament and thereby enhance the ability of actin to 
support biological movement in sliding filament movement systems like 
those in striated muscles; 2) a-actinin may nucleate assembly of actin 
monomers into filaments and thereby control the proportion of assembled 
and monomeric actin in movement systems; by exhibiting specificity for 
how it binds to actin, a-actinin would also control directionality of 
actin filaments; and 3) a-actinin may bind actin-containing 
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microfilaments to attachment plaques, to each other, or across struc­
tures like Z-disks in striated muscles. Because movement in nonmuscle 
systems evidently involves continual assembly and disassembly of actin-
containing microfilaments, a-actinin together with actin and tropomyosin 
may form the basis of a different mechanism of biological movement that 
would be an alternative to the highly structured thick and thin filament 
system. Binding of a-actinin to actin would cause assembly of actin into 
filaments and resulting motion in a direction parallel with orientation 
of the filament. Systems containing no tropomyosin, such as the acrosomal 
process of Limulus sperm, would be unable to disassemble microfilaments 
and would constitute "one-time" movement systems. 
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